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Abstract 


^An  Electron  Beam  Fluorescence  Probe  (EBFP)  has  been  developed  for 
rocket  flight  applications  in  the  65  - 200  km  altitude  range.  The  EBFP  is 
a non-perturbing  probe  which  is  capable  of  measuring  vibrational  and  rotational 
temperatures  as  well  as  neutral  gas  species  concentrations  remote  from  the 
rocket  payload.  The  spatial  resolution  of  the  probe  is  approximately  equal 
to  the  beam  diameter  (1-2  mm).  The  instrument  employs  a 2.5  keV  energy 
electron  beam  to  induce  fluorescence  in  the  ambient  gas.  The  resulting 
radiation  is  analyzed  with  a spectrally  selective  electro-optical  detection 
system.  Several  versions  of  the  EBFP  were  flown  on  Black  Brant  rockets  from 
Fort  Churchill,  Manitoba,  Canada;  the  results  from  these  flights  as  well  as 
the  development  of  the  instrumentation  are  discussed. 
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1.  INTRODUCTION 

The  electron  beam  fluorescence  technique  has  been  used  extensively 
in  laboratory  investigations  of  low  density  gases . In  this  regard  it  has 
proved  to  be  a valuable  diagnostic  method  for  flow  visualization  and  measure- 
ments of  rotational  and  vibrational  temperatures  as  well  as  determinations  of 
local  gas  specie  concentrations.  The  application  of  the  technique  to  upper 
altitudes  of  the  atmosphere  was  first  carried  out  by  UTIAS  in  1969,  resulting 
in  measurements  of  rotational  temperature  and  nitrogen  density  (Refs.  1 and  2). 
Since  that  time,  other  experimenters  have  flown  electron  beam  probes  and 
UTIAS  has  continued  its  work  with  rocket  flights  carrying  a variety  of 
electron  beam  instruments. 

A review  of  some  of  the  techniques  available  for  investigating  the 
upper  atmosphere  (see  Appendix  A)  shows  that  although  much  effort  has  been 
expended  in  the  design  and  application  of  instrumentation,  much  work  remains 
to  be  done  in  the  region  from  65  to  200  km.  A continuing  lack  of  suitable 
techniques  has  traditionally  plagued  measurement  of  this  area  and  the 
difficulties  involved  in  providing  adequate  diagnostics  for  this  region 
should  not  be  underestimated.  From  65  to  300  km  the  density  varies  over  a 
dynamic  range  of  about  7 decades  with  the  temperature  varying  from  approxi- 
mately 200K  to  1400K.  The  composition  supplies  an  additional  variable  as 
evidenced  by  the  change  in  molecular  weight  from  28.96  at  65  km  to  22.66  at 
200  km. 

Free  molecular  conditions  for  a 10  cm  body  are  not  achieved  until 
about  110  km.  This  further  complicates  the  problem  of  designing  a single 
instrument  that  can  adequately  cover  the  altitude  range  under  discussion 
whilst  moving  at  sounding  rocket  velocity  (1-4  km/s). 

Apart  from  the  electron  beam  diagnostic  method,  direct  measure- 
ments of  temperature  in  the  65  - 200  km  region  have  been  made  by  auroral 
observation,  which  provides  only  an  integrated  measurement  along  the  line 
of  sight  (it  is  also  difficult  to  measure  the  auroral  height  with  accuracy). 
Temperature  determinations  can  also  be  derived  from  pressure,  density  or 
scale  height  measurements  using  an  appropriate  model.  However,  because  of 
the  variables  involved,  some  assumptions  or  additional  measurements  are 
required  before  the  temperature  can  be  calculated  explicitly. 

Atmospheric  models  are  continuously  being  refined  as  more  data 
become  available;  models  for  the  high  altitude  region  (above  50  km)  especially, 
have  been  revised  drastically  in  recent  years.  Because  of  the  lack  of  adequate 
instrumentation  and  the  expense  for  launching  the  apparatus  to  the  required 
altitude  there  is  still  a real  need  for  reliable  data  in  the  50  - 200  km 
region,  a range  that  at  the  present  time  can  be  covered  only  by  sounding 
rockets . 

The  electron  beam  fluorescence  technique  has  been  developed  to  fill 
the  diagnostics  gap  in  the  65  - 200  km  region;  it  is  the  only  current  technique 
permitting  direct  and  local  measurements  of  rotational  and  vibrational  tempera- 
ture, density  and  composition,  simultaneously. 

In  essence,  this  report  presents  a description  of  the  Electron  Beam 
Fluorescence  Probe  (EBFP)  technique  (Sec.  2)  and  elaborates  on  the  design  and 
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development  of  a rocket-borne  EBFP  instrument.  Section  3 deals  with  the 
selection  of  an  electron  gun  for  rocket  flights,  and  Section  4 details  the 
optical  detection  system  for  the  EBFP.  A comprehensive  summary  of  the 
instruments  flown  up  to  date  and  the  experimental  results  obtained  is 
presented  in  Section  5« 


2.  ELECTRON  BEAM  FLUORESCENCE  PROBE 


2.1  Electron  Beam  Diagnostic  Technique 


The  electron  beam  fluorescence  probe  (EBFP)  essentially  consists  of 
a high  energy  electron  beam  (keV  energy  range)  used  to  induce  fluorescence  in 
the  gas  sample  to  be  studied,  and  a spectrally  selective  electro- optical 
detection  system  which  analyzes  the  resulting  electromagnetic  radiation. 

The  major  advantage  of  the  probe  lies  in  the  fact  that  the  point  of 
observation  in  the  flow  can  be  located  sufficiently  far  away  from  the  probe 
structural  components  and  thus  probe  induced  disturbances  can  be  avoided. 

This  is  of  particular  importance  for  rocket  flight  application  where  aero- 
dynamic disturbances  occur  due  to  the  motion  of  the  payload  through  the  ambient 
atmosphere.  Another  advantage  from  the  point  of  view  of  rocket  research  is 
that  by  proper  selection  of  the  spectral  features  to  be  analyzed  it  is  possible 
to  obtain  static  measurements  of  the  gas  properties  independent  of  rocket 
velocity.  In  order  to  achieve  this,  emissions  resulting  from  optically  allowed 
direct  excitation- emission  transitions  with  transition  probabilities  greater 
than  about  107  have  to  be  selected.  This  implies  that  at  typical  payload 
velocities  of  1 - 2 km/s  the  displacement  of  the  observation  point  during  the 
time  interval  between  the  electron-gas  particle  impact  and  the  radiation 
emission  is  approximately  0.1  - 0.2  mm.  This  is  an  order  of  magnitude  less 
than  the  nominal  beam  diameter  (about  1-2  mm)  which  in  most  cases  defines 
the  spatial  resolution  of  the  instrument.  Another  advantage  of  the  EBFP  is 
that  it  is  capable  of  measuring  the  concentration  of  unstable  atomic  species 
such  as  atomic  oxygen  which  poses  difficulties  for  most  'material  probes'. 

Although  the  EBFP  is  a versatile  and  powerful  diagnostic  tool , its 
usefulness  is  limited  to  low  density  studies.  The  upper  density  limit  is  a 
function  of  several  parameters  such  as  the  type  of  species  present  in  the  gas 
and  the  exciting  electron  beam  energy.  The  gas  composition  and  the  beam  energy 
will  determine  the  secondary  electron  production  rate,  the  primary  beam  attenua- 
tion due  to  scattering  by  gas  particles  as  well  as  the  collision  quenching  rate 
of  gas  particles  in  excited  states.  These  secondary  effects,  as  well  as  several 
others  discussed  in  detail  by  Muntz  (Ref.  3),  can  in  some  cases  introduce  non- 
linearities  in  the  emission  intensity  versus  gas  density  curves.  For  example, 
the  fluorescence  contribution  by  secondary  electrons  is  a critical  function  of 
the  relative  dimensions  of  the  secondary  electron  mean  free  path  and  the  obser- 
vation region.  The  densities,  total  and  partial,  at  which  the  effect  of 
secondary  processes  becomes  significant  vary  for  different  spectral  character- 
istics. 


The  extent  of  beam  attenuation  estimated  by  the  Thomas-Fermi  statis- 
tical method  (Ref.  4)  is  given  in  Fig.  1 for  elastic  scattering  by  nitrogen 
over  a 10  cm  beam  path  length;  the  curves  yield  attenuation  as  a function  of 
pressure  for  several  beam  energies.  For  example,  at  1 mtorr  N2  pressure  the 


fraction  of  2.5  keV  beam  electrons  that  have  not  encountered  elastic  scattering 
collisions  is  about  97$.  This  is  a conservative  estimate  since  small  angle 
scattering  which  does  not  contribute  to  appreciable  beam  spreading  may  be 
acceptable.  However,  it  should  be  noted  that  inelastic  scattering  and  multiple 
elastic  scattering  was  not  included;  inelastic  scattering  tends  to  dominate  at 
small  angles.  Experimental  measurements  of  beam  attenuation  obtained  from  the 
laboratory  static  nitrogen  calibrations  of  the  EBFP  instruments  flown  on  Black 
Brant  rockets  VB-32,  VB-28  and  VB-39  82-6  shown  in  Fig.  2;  the  theoretical  curve 
based  on  Thomas-Fermi  elastic  scattering  is  also  included.  The  difference 
between  the  experimental  curves,  of  course,  results  from  the  fact  that  different 
beam  collector  configurations  were  employed.  It  should  be  noted  that  the  simple 
scattering  theory  is  only  useful  in  determining  the  approximate  upper  pressure 
limit  at  which  beam  scattering  starts  to  become  important.  At  pressures  above 
about  3 mtorr  the  simple  elastic  scattering  prediction  underestimates  the  beam 
attenuation.  This  is  probably  due  to  the  fact  that  at  such  pressures  the 
effect  of  multiple  scattering  collisions  becomes  significant.  The  experimental 
curves  in  Fig.  2 indicate  that  beam  attenuation  in  nitrogen  for  a 2.5  keV  beam 
of  10  cm  path  is  negligible  at  densities  below  about  1-2  equiv.  mtorr.*  This 
corresponds  to  an  altitude  of  about  90  km.  However,  during  actual  flights, 
because  of  the  presence  of  shock  waves  produced  by  the  EBFP  gun  housing  and 
back  stop  as  the  apparatus  travels  through  the  continuum  flow  regime,  the  beam 
electrons  encounter  higher  density  regions  resulting  in  greater  beam  attenuation 
This  effect  can  be  observed  by  comparing  the  preflight  calibration  in  Fig.  2 and 
in-flight  results  for  AEF-II-118  shown  in  Fig.  3. 


How  does  primary  beam  electron  scattering  affect  the  EBFP  results? 

As  long  as  the  observation  region  is  large  enough  so  that  the  fluorescence 
produced  by  all  the  beam  electrons,  including  the  scattered  ones,  is  collected 
by  the  optical  system  and  the  total  beam  current  passing  through  the  observation 
volume  is  known  then  the  probe  measurements  will  not  be  affected  by  scattering. 
However,  if  scattering  outside  of  the  observation  volume  occurs,  the  interpreta- 
tion of  the  results  becomes  difficult. 


2.2  Species  Concentration  and  Rotational  and  Vibrational  Temperature  Measurements 


The  fluorescence  induced  by  a high  energy  electron  beam  is  a function  of 
the  thermodynamic  variables  of  the  gas.  Under  desirable  operating  conditions  of 
the  EBFP,  when  the  effect  of  secondary  processes  is  negligible,  it  is  possible  to 
obtain  species  concentrations  by  measuring  the  intensities  of  spectral  emissions 
produced  by  the  different  gas  components.  The  characteristic  spectral  features 
are  chosen  in  such  a way  as  to  minimize  the  optical  interference  among  channels. 
Narrow  band  interference  filters  are  used  to  locate  the  channels  in  the  fluor- 
escence spectrum. 


In  the  case  of  molecular  species  where  the  spectral  features  exhibit 
vibrational  and  rotational  fine  structure  it  is  possible  to  determine  the 
vibrational  and  rotational  temperatures  by  examining  the  fine  structure  of  the 
emissions.  For  nitrogen  containing  mixtures  the  n£  First  Negative  (IN)  system 
has  been  extensively  used  in  laboratory  investigations  and  recently  in  upper 
atmospheric  studies  for  the  determination  of  these  tenperatures . 


A detailed  analysis  of  fluorescence  induced  by  a 2.5  keV  energy 
electron  beam  in  molecular  nitrogen  and  molecular  and  atomic  oxygen  was 


^Throughout  this  paper  densities  are  expressed  in  terms  of  equivalent  pressures 
at  300K  temperature. 


performed  by  Haasz  (Ref.  5),  and  based  on  the  results  of  that  study,  the 
following  spectral  characteristics  in  the  visible  spectral  region  were  recom- 
mended for  upper  atmospheric  diagnostics  with  the  EBFP.  In  the  altitude  range 
of  interest  (80  km  - 200  km),  the  major  neutral  constituents  are  N2,  0g  and  0q. 

N2  concentration  measurements: 

Kg  IN  (0,1)  band  (head  at  4278$) 

Filter:  4270$,  30$  HBW* 

O2  concentration  measurements: 

(a)  0g  IN  (5250$)  bands,  (2,0)  sequence 

Filter:  5250$,  60S  HBW 

(b)  Og  IN  (5600S)  bands,  (1,0)  sequence 

Filter:  5590$,  70$  HBW 

Oq  concentration  measurements: 

(a)  Oil  4351$  line 

Filter:  4351$  ± 1$J  6$  HBW 

(b)  Oil  4415$  and  4417$  lines 

Filter:  44l6$  ± 1$|  6$  HBW 

N2  rotational  temperature  measurements : 

Ng  IN  (0,1)  band  (head  at  4278$) 

Filter  No.  1:  4254$  ± 1$*  8$  HBW 
Filter  No.  2:  4271$  ± 1$J  8#  HBW 
N2  vibrational  temperature  measurements: 

Ng  IN  (0,1)  band  (head  at  4278$) 

Ng  IN  (1,2)  band  (head  at  4236$) 

Filter  No.  1:  4270$,  30$  HBW 

Filter  No.  2:  4230$,  30$  HBW 


*HBW:  half  intensity  bandwidth  . 

f The  long  wavelength  tolerance  limit  should  be  used  when  constructing  the 
filters;  shorter  wavelength  may  then  be  obtained  if  necessary  by  changing  the 
angle  of  the  light  incident  on  the  filter. 
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The  studies  of  Ref.  5 concluded  that:  "For  the  characteristic 

emissions  selected  for  upper  atmospheric  conposition  and  temperature  measure- 
ments, with  the  exception  of  the  0j£  IN  system,  the  effect  of  collisional 
quenching  is  expected  to  he  negligible  at  densities  below  10  equiv.  mtorr 
corresponding  to  altitudes  above  80  km.  For  the  o£  IN  system  the  quenching 
density,*  in  both  air  and  O2,  is  approximately  50  equiv.  mtorr;  this  would 
result  in  a 20 $ reduction  of  the  o£  IN  system  radiation  at  10  equiv.  mtorr 
total  pressure.  However,  for  the  o£  IN  emission,  the  effect  of  secondary 
electron  excitations  reduces  the  upper  total  density  limit  for  O2  concentration 
. measurements  to  about  1 equiv.  mtorr  (corresponding  to  95  km  altitude).  At 

about  4 equiv.  mtorr  total  pressure  (85  km  altitude),  the  contribution  of  the 
O2  IN  (560OA)  band  group  radiation  by  secondaries  is  approximately  15$.  The 
effect  of  secondary  electron  excitation  on  the  Nj  IN  (0,l)  band  and  the  Oil 
435IA  and  Oil  44l6A  lines  is  expected  to  be  negligible  at  altitudes  above  80  km." 

It  should  be  mentioned  that  the  vibrational  bands  of  the  O2  2N  system 
(in  the  2000A  to  4000A  wavelength  range)  may  also  be  used  for  molecular  oxygen 
concentration  and  vibrational  temperature  measurements.  A spectral  trace  of 
the  O2  2N  system  appears  in  Ref.  5;  the  intensities  of  these  bands  were  approxi- 
mately 10-1+  of  the  N2  IN  (0,0)  band.  The  radiation  intensity  of  this  system  was 
found  to  vary  linearly  with  pressure  up  to  300  mtorr  by  Petrie,  Boiarski  and 
Lazdinis  (Ref.  6),  which  inplies  that  collisional  quenching  is  negligible  below 
300  mtorr  pressures . 

The  sensitivities  of  the  various  EBFP  channels  to  molecular  nitrogen 
and  molecular  oxygen  were  determined  for  all  the  EBFP  instruments  launched  to 
date  by  laboratory  calibrations  under  static  conditions  in  N2,  O2  and  air.  By 
calibrating  in  air  it  is  possible  to  determine  the  extent  of  gasdynamic  inter- 
ference among  the  gas  species.  For  the  EBFP  apparatus  flown  on  VB-28  (Ref.  5) 
it  was  found  that  the  selected  spectral  features  were  not  affected  by  the 
presence  of  the  other  specie  in  an  N2  - O2  gas  mixture  (78$  N2,  21$  O2)  for  total 
pressures  below  about  1 mtorr. 

Since  static  gas  calibrations  of  the  EBFP  in  atomic  oxygen  are  diffi- 
cult, the  sensitivity  of  the  atomic  oxygen  concentration  measuring  channel  to  Op 
gas  can  be  determined  from  a knowledge  of  the  excitation  cross-section  of  the 
atomic  oxygen  emissions  of  interest  (published  in  Ref.  5)  and  the  spectral 
response  function  of  the  channel.  It  should  be  noted,  however,  that  in  gas 
mixtures  containing  both  atomic  and  molecular  oxygen  it  is  possible  to  excite 
atomic  lines  from  both  the  atomic  and  molecular  species.  Thus,  the  contribution 
to  the  Op  channel  signal  due  to  the  presence  of  O2  has  .to  be  subtracted.  Further 
corrections  will  have  to  be  made  for  mixtures  containing  N2  as  well,  as  is  the 
case  in  the  upper  atmosphere  altitude  range  of  interest. 

The  selection  of  the  interference  filter  locations  and  half  intensity 
bandwidths  for  N2  and  O2  concentration  measurements  should  be  made  in  such  a way 
i as  to  minimize  the  rotational  teirperature  effects  on  the  transmitted  light 

intensity.  This  effect  is  expected  to  be  negligible  for  the  O2  measurements 
where  the  filter  includes  several  vibrational  bands.  However,  for  N25  where  only 
one  vibrational  band  is  viewed,  corrections  may  have  to  be  made.  This  can  be  done 
by  analyzing  the  intensity  distribution  in  the  rotational  lines  of  the  vibrational 

*"Quenching  density"  is  the  density  at  which  the  radiation  intensity  is  reduced 
by  collisional  quenching  to  l/2  the  radiation  intensity  that  would  occur  in  the 
absence  of  collisional  quenching. 
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band  in  question  as  a function  of  rotational  tenperature . Such  an  analysis 
using  Muntz's  (Ref.  7)  theoretical  approach  is  presented  in  Appendix  B for  the 
IN  (0,l)  and  (1,2)  bands  for  several  rotational  tenperatures . The  intensi- 
ties have  been  normalized  to  yield  total  intensities  of  1.0  and  0.124  for  the 
(0,l)  and  (l,2)  bands,  respectively. 

As  mentioned  before,  rotational  and  vibrational  temperature  measure- 
ments for  a molecular  gas  can  be  made  by  analyzing  the  light  intensity  distri- 
bution in  the  rotational  lines  and  vibrational  bands,  respectively,  of 
characteristic  emissions  for  which  the  excitation-emission  processes  are 
understood.  For  the  rocket  flight  EBFP  instruments  the  rotational  tenperature, 

Tr,  was  measured  by  locating  two  narrow  band  interference  filters  in  the  N^ 

IN  (0,l)  vibrational  band  and  obtaining  the  ratio  of  the  transmitted  radiation 
intensities.  Filter  locations  were  selected  in  such  a way  as  to  obtain  optimum 
conditions  for  both  the  transmitted  light  levels  and  the  sensitivity  in  the 
intensity  ratio  with  respect  to  Tr.  A theoretical  calibration  curve  for 
intensity  ratio  versus  Tr  can  be  obtained  from  the  rotational  energy  distribution 
analysis  presented  in  Appendix  B.  Such  a calibration  curve  will  be  presented  in 
Sec.  2.3  where  the  effect  of  reflected  particles  as  well  as  the  effect  of  the  n£ 
IN  (1,2)  band  radiation  on  rotational  temperature  measurements  will  be  considered. 

2.3  Effect  of  Reflected  Molecules  on  Rotational  Temperature  Measurements  in 
Free  Molecular  Flow 

At  high  altitudes,  where  the  mean  free  path  of  the  ambient  gas  is 
many  times  the  apparatus  dimension,  the  flow  is  free  molecular.  Under  such 
conditions,  gas  molecules  that  have  first  struck  portions  of  the  payload  may  be 
reflected  into  the  observation  region  resulting  in  an  increase  of  the  fluore- 
scent signal.  An  estimate  of  the  effect  of  molecules  reflected  off  the  rocket 
payload  surfaces  into  the  EBFP  observation  region,  and  thus  contributing  to  the 
emitted  radiation,  can  be  obtained  by  the  following  analysis.  Let  it  be  assumed 
that: 

1.  The  incoming  particles  striking  the  payload  surfaces  undergo  diffuse 
reflections  (that  is,  the  distribution  of  particles  leaving  the  surfaces 
is  isentropic  and  is  characterized  by  a Maxwellian  velocity  distribution 
at  a temperature  T'). 

2.  In  addition,  perfect  accommodation  of  the  kinetic  and  rotational  degrees  of 
freedom  occurs  at  the  reflecting  surface  (that  is,  the  temperature  T'  and 
Tr  are  equal  to  the  surface  temperature  Tw,  Tr  being  the  rotational  tempera- 
ture) . 

3.  No  adsorption,  association  or  dissociation  occurs  at  the  surfaces. 

The  incident  particle  flux  on  the  surface  of  a plate  is  given  by, 


■ ■"  X(S  cos  f)  (2.1) 

2 V7T 

where  na  is  the  number  density  of  the  incident  (in  this  case  ambient)  particles, 
Cjj^  is  the  most  probable  velocity  associated  with  the  incident  particles,  S is 
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the  speed  ratio  and  ip  is  the  angle  of  incidence  of  the  particles  as  shown  in 
the  diagram  below.  x 


The  function  x(S  cos  ip)  is  defined  as 


Using  the  assumptions  made  earlier,  one  can  describe  the  gas  particles  striking 
the  surface  as  being  contained  in  an  imaginary  reservoir  behind  the  surface 
and  characterized  by  a Maxwellian  velocity  distribution  function  at  rest.  The 
density  and  temperature  of  the  gas  in  the  "reservoir"  are  nw  and  Tw,  respectively 
Thus,  in  order  to  satisfy  the  conservation  of  mass  requirement  at  the  surface 
the  incident  flux  must  be  equal  to  the  reflected  flux.  Note  that  this  analysis 
does  not  take  into  account  adsorption  nor  recombination  of  species  at  the 
surface. 


From  this  relation  the  number  density  nw  can  be  obtained  in  terms  of  T- 
incident  gas  parameters. 


The  contribution  to  the  net  reflected  number  density  at  the  EBFP  observation 
point  P by  an  elemental  surface  area  dA  is  given  by, 


(d^Am) 


where 


Therefore,  a finite  surface  area,  subtending  a solid  angle  ft,  will  contribute 
a reflected  number  density  np  at  the  observation  point  P. 


Since  most  of  the  surfaces  of  the  EBFP  apparatus  and  other  payload 
structures  can  be  approximated  by  rectangular  flat  plates,  the  solid  angxe  ft 
subtended  by  such  a plate,  arbitrarily  located  and  oriented  with  respect  to  a 
field  point  P,  was  evaluated  in  terms  of  Cartesian  coordinates  and  the 
following  expression  was  obtained. 


The  coordinate  system  is  defined  in  the  diagram  bej.ow 
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Assuming  that  for  the  incident  nitrogen  molecules  the  kinetic  and 
rotational  degrees  of  freedom  are  in  equilibrium  (Ta  = Tr) , then  for  a 
particular  Ta  the  relative  light  emission  from  level  K'  in  the  observation 
region  of  the  EBFP  due  to  ambient  and  reflected  molecules  can  be  expressed  as 

■ r(K,  . lJ  Vgl°'^ 7 + nrefl*  <2 

L(K  + VP(0,l)  + K VR(0,l)  a W 
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After  measuring  the  relative  spectral  transmissivities  of  the  two 
optical  channels  of  the  EBFP,  the  relative  light  levels  Sp  and  S2  transmitted 
through  the  two  channels  can  be  expressed  for  a particular  Ta,  as: 

Ua'l  \ 1K,amb,refl  X T1  + rK'amb,refl  x Tl 

2 K'  =0,1,2. . 2,fL  2,K 

+ jP(l,2)  P(l,2)  ^(1,2)  tR(1,2)1 

k' amb,refl  x T1,K'  1K'amb,refl  X 1 j (2’2t 


where  is  the  spectral  response  function  of  channel  i at  wave  number 

vv(r>  i corresponding  to  an  emission  transition  from  level  K' . (Spectral 


response  function  calibrations  are  to  be  discussed  in  Sec.  4.3,  and  the 
relative  spectral  response  functions  for  the  EBFP-RTA  flown  on  rocket  AEF-II- 
118  are  presented  in  Fig.  5.)  The  resulting  relationship  between  intensity- 
ratio  (S1/S2)  and  the  ambient  temperature  (Ta)  can  serve  as  a theoretical 
calibration  curve  for  the  EBFP-RTA.  Such  a curve  for  the  AEF-II-118  payload 
is  presented  in  Fig.  6.  The  figure  also  shows  the  effect  of  a 10°  angle  of 
attack  = 80°)  at  typical  flight  speed  ratios  on  the  intensity  ratio  curve. 
It  should  be  noted  that  the  above  analysis  for  the  effect  of  reflected  mole- 
cules on  the  RTA  calibration  curve  is  only  applicable  in  the  free  molecular 
flow  regime;  for  a 10  cm  dimension  instrument,  such  as  the  one  on  AEF-II-118, 
free  molecular  flow  conditions  occur  about  110  km.  Below  110  km  altitude 
( temperature  below  300K)  the  curve  in  Fig.  6 corresponding  to  = 0 is 
applicable. 


3 .  EBFP  ELECTRON  GUNS  FOR  ROCKET  FLIGHT 


In  order  to  make  the  'fast'  accurate  measurements  that  are  required 
during  a rocket  flight,  it  is  important  to  generate  as  much  useful  light  as 
possible  with  the  available  beam  power  from  the  electron  gun. 

Weight  and  volume  restrictions  place  an  upper  limit  on  the  total  beam 
power  that  can  be  provided.  The  current  and  voltage  relationship  in  which  the 
beam  power  is  provided  is  governed  by  the  following  factors: 

1.  Gun  perveance. 

2.  Gun  efficiency. 

3 . Filament  and  accelerating  power  requirements . 

4.  Deflection  of  the  beam  by  the  earth's  magnetic  field. 

5.  Electrical  (Paschen)  breakdown  inside  the  gun  at  high  gas  pressures  (above 
10  mtorr) . 

6.  Scattering  of  the  beam,  the  production  of  secondary  electrons,  and  gas 
focussing  of  the  beam. 

7.  Focussing  of  the  electron  beam  to  the  observation  region. 

8.  Fluorescence  of  the  lens  and  backstop. 

9.  Flight  volume  and  payload  weight  limitations. 

The  final  selection  of  the  gun  operating  conditions  was  made  after  carefully 
evaluating  all  the  above  items.  A plausibility  argument  for  the  final  choice 
may  then  be  made  after  examining  Figs.  7 and  8 in  conjunction  with  the  items 
mentioned  previously.  Figure  7 gives  the  gun  input  power  and  relative  fluores- 
cence yield  for  the  (0,0)  band  of  the  First  Negative  System  of  the  nitrogen 
molecular  ion  as  a function  of  electron  beam  energy.  The  light  yield  curve  was 
obtained  by  scaling  the  electron  gun  current  according  to  the  3/2  power  law  and 
using  the  cross  sections  obtained  by  McConkey  and  Latimer  (Ref.  8).  Figure  8 
shows  calculated  beam  deflections  due  to  the  earth's  magnetic  field  (see  Sec. 
3.4)  as  a function  of  electron  beam  energy  for  several  distances  from  the 
electron  gun. 

It  is  pertinent  to  point  out  that  current  flight  batteries  have  an 
energy  density  of  approximately  200  joules/cm3  and  about  20,000  joule  is 
required  for  a 6-minute  flight  with  a 2500  volt  gun  operating  at  10  mA.  A 
DC-DC  converter  for  these  same  conditions  has  a volume  of  approximately  500  cm3 
and  a weight  of  850  grams . 
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It  is  tenpting  to  consider  a high  voltage,  high  perveance  pulsed 
gun,  enabling  discrete  measurements  to  be  carried  out  at  some  distance  from 
the  vehicle  whilst  simultaneously  keeping  the  energy  requirements  at  a 
reasonable  level.  Background  light  could  be  rejected  using  such  a scheme  and 
in  addition  any  accumulated  charge  on  the  vehicle  can  be  given  time  to  dissi- 
pate. The  observation  volume  could  be  located  many  metres  from  the  vehicle 
since  gas  scattering  and  deflection  of  the  beam  would  be  minimized.  However, 
from  Fig.  7 it  can  be  seen  that  a 100  kV  2.5A  gun  will  increase  the  light  yield 
for  the  n£  IN  (0,0)  vibrational  band  by  about  a factor  of  25  over  a 2.5  kV  gun 
operating  at  10  mA,  and  thus  the  100  kV,  2.5A  gun  would  require  a high  duty 
cycle  to  yield  light  levels  comparable  to  those  obtained  by  a 2.5  kV,  10  mA  DC 
gun.  For  equal  signal  levels,  the  100  keV  and  2.5  keV  guns  would  then  be 
operating  at  power  levels  of  about  10  kW  and  250  W,  respectively.  In  addition, 
the  high  voltage  gun  can  achieve  long  distance  operation  only  at  the  expense  of 
a loss  in  optical  collection  efficiency;  the  latter  usually  scaling  inversely 
as  the  square  of  the  distance  from  the  rocket  to  the  observation  point. 


3*1  Electron  Gun  Types 

Traditionally,  high  voltage  oxide  cathode  guns  of  the  type  used  in 
televisions  have  been  used  for  much  of  the  low  density  gasdynamic  investigations 
in  wind  tunnels.  While  these  are  well  suited  for  this  purpose,  they  are  not 
the  best  choice  for  a rocket  application.  Table  1 lists  some  of  the  more 
iuportant  parameters  for  several  types  of  electron  guns.  Although  there  is 
some  overlap  in  the  performance  values  associated  with  each  gun,  in  general 
the  following  observations  can  be  made. 


TABLE  1 


SOME  CHARACTERISTICS  OF  ELECTRON  GUNS 


WELDING  TYPE 

T.V.  TYPE 

MAGNETICALLY  CONFINED 
ELECTRON  BEAM 

Nominal  Voltage 

1-100  kV 

20  kV 

See  Eqn.  3.1  of  text 

Perveance 

V^/2  (volts) 
beam  ' ' 

T 6 

1x10-3x10 

~ 5xl0-11 

-6 

~ 25xl£>  with  appropriate 
B field 

Beam  Angle  9 

12*  - 30° 

< 10° 

< 10° 

Diameter  of 
Primary  focus 

0.5nim  - > 5mm 

< 2mm 

Variable 

Ruggedized 

yes 

no 

Yes 

Welding  Electron  Guns 

These  are  usually  conpact,  rugged,  high  perveance  devices.  •'  With 
suitable  electrode  spacing  and  equipped  with  pure  tungsten  cathodes  they  may 

I I 
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be  operated  at  high  ambient  pressures.  In  some  cases  it  may  be  necessary  to 
refocus  the  beam  to  provide  a secondary  focus  at  the  optical  observation  region 
(a  point  remote  from  the  rocket). 

T.V.  Type  Electron  Guns 


The  majority  of  T.V.  guns  are  designed  using  oxide  coated  cathodes, 
although  tungsten  cathodes  are  available  on  special  order.  In  general  they  are 
low  perveance,  electrostatically  focussed  devices,  with  an  electrode  structure 
that  is  accurately  aligned  and  not  inherently  rugged. 

Pressures  greater  than  about  1 mtorr  (typical  in  many  low  density 
wind  tunnel  applications)  are  required  to  provide  sufficient  light  for  accurate 
observations  when  using  the  low  current  (approximately  100pA)  from  a T.V.  gun. 

At  low  density  the  optical  signal  is  down  at  least  two  orders  of  magnitude  when 
compared  with  that  obtained  from  a 2.5  kV,  5 mA  gun. 

The  high  voltage  (~  20  kV)  is  advantageous  at  high  pressures  since 
less  of  the  beam  electrons  are  scattered  out  of  the  nominal  beam  diameter.  A 
high  energy  beam  is  essential  in  many  aerodynamic  flow  simulation  studies  where 
the  electron  beam  is  used  to  spatially  define  the  observation  region  in  the  flow 
field. 


etically  Confined  Electron  Guns 


Very  high  perveance  beams  may  be  obtained  using  magnetic  confinement 
of  the  electrons.  Pierce  (Ref.  9)  gives  the  following  equations  for  the  maximum 
beam  current  Imay  attainable  with  an  acceleration  potential  V. 


I = 25.4  x 10  V: 
max 


(3.1) 


The  magnetic  field  B required  to  confine  the  electrons  to  a beam  diameter  'a' 
is  given  by 

B = 10-  n/v  (3.2) 

a 

where  'a*  is  in  metres,  B in  Wb/m^  and  V in  volts.  The  main  drawback  with  this 
type  of  gun  is  the  obstruction  to  the  flow  field  caused  by  the  large  magnets 
required  to  produce  beam  confinement.  Field  strengths  of  0.1  Wb/nF  or  greater 
are  necessary  over  the  beam  length  when  the  beam  energy  exceeds  1 keV.  Such 
large  magnetic  fields  may  also  perturb  peripheral  equipment  on  a rocket  payload. 

3.2  Operating  Pressure  Range  and  High  Voltage  Breakdown  for  Electron  Guns 


Ideally  the  electron  gun  should  operate  over  a wide  range  of  pressures 
without  arcing  or  deterioration.  Vacuum  arcing,  or  Paschen  breakdown  can  be  a 
serious  problem  over  a pressure  range  that  is  determined  by  the  operating  voltage 
and  the  product  of  the  pressure  and  the  gun  electrode  spacing.  Although  relation- 
ships for  the  breakdown  voltage,  pressure  and  distance  may  be  helpful,  curing  an 
arcing  problem  is  largely  an  empirical  art. 

In  general  all  high  voltage  supplies,  and  any  batteries  or  regulators 
held  at  high  voltage  should  be  held  at  atmospheric  pressure;  this  makes  servicing 


sinpler . High  voltage  leads  to  the  gun  and  the  corresponding  feedthroughs 
should  be  vacuum  encapsulated. 

3.3  Cathodes  for  Electron  Guns 


The  gun  cathode  should  be  rugged  and  capable  of  operating  at  pressures 
up  to  about  50  mtorr.  The  heating  power  should  be  low  since  this  power  will 
cause  outgassing  from  the  gun  surfaces  which  may  arrive  at  the  observation  region. 

Oxide  Coated  Cathodes 

Oxide  coated  cathodes  deteriorate  when  the  pressure  rises  beyond 
about  10"5  torr  (air);  this  means  that  pimping  would  be  required  in  flight 
below  120  km  if  the  deleterious  effects  of  cathode  poisoning  and  subsequent 
loss  of  emission  are  to  be  avoided.  Under  similar  operational  conditions  oxide 
coated  cathodes  require  considerably  less  heating  power  than  all  other  materials. 
For  example,  a 2500  V,  10  mA  gun  requires  about  5 W of  cathode  heater  power 
using  an  oxide  coated  cathode,  and  about  25  W for  its  tungsten  counterpart . The 
reader  is  referred  to  Spangenberg  (Ref.  10,  p.  23  et  seq.)  for  a good  description 
of  cathode  characteristics. 

Pure  Tungsten  Cathodes 

The  physical  and  electronic  properties  of  tungsten  are  well  known 
and  documented.  Its  workable  properties  are  less  than  desirable,  but  it  is  a 
rugged  stable  material  and  its  low  electron  emission  efficiency,  shown  in  Fig. 

9,  is  offset  by  its  ability  to  provide  electron  emission  at  high  pressures 
(greater  than  10  torr  in  air).  Although  prolonged  operation  at  these  high 
pressures  will  result  in  oxidation  and  eventual  destruction  of  a tungsten 
cathode,  it  is  operating  in  a region  where  almost  all  other  cathode  materials 
would  have  effectively  ceased  to  function. 

Some  Other  Cathode  Materials 

Perhaps  because  Ba  Sr  0 has  been  used  for  T.V.  gun  cathodes,  this 
materia.1  is  used  in  most  other  electron  guns.  MacNair  (Ref.  11,  p.  470)  has 
suggested  that  in  oxidizing  gases  Ba  Zr  O3  is  a useful  cathode  material. 

Thoriated  tungsten  is  also  a more  efficient  electron  emitter  than 
pure  tungsten;  however,  it  too  can  be  poisoned  at  high  air  pressures  drastically 
reducing  its  electron  emission. 

Tantalum  has  a lower  melting  point  than  tungsten  but  is  easier  to 
work  and  gives  10  times  the  emission  of  tungsten  at  temperatures  less  than 
2500  K. 

3.4  Selection  of  the  Flight  Electron  Gun 

Several  types  of  guns  were  investigated  before  choosing  the  version 
used  in  the  latest  series  of  flight  experiments.  Spangenberg  (Ref.  10)  gives 
details  and  curves  which  enable  a Pierce  type  gun  to  be  designed  for  a range 
of  perveances  and  beam  angles  (beam  angle  9 is  defined  in  Fig.  10) . Following 
the  Spangenberg  procedure,  a gun  was  designed  and  constructed  to  operate  at 
5 kV  and  10  mA.  Performance  was  satisfactory  using  a properly  shaped  molyb- 
denum cathode  heated  to  electron  emission  temperature  by  electron  bombardment. 
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However,  operation  in  this  manner  was  considered  undesirable  because  of  the 
high  thermal  inertia  involved.  Attempts  to  use  ribbon  or  wire  cathodes  resulted 
in  unacceptably  low  gun  efficiency  and  it  was  concluded  that  guns  with  this  type 
of  geometry  do  not  operate  satisfactorily  unless  the  cathode  is  a continuous 
equipotential  surface. 

The  electron  gun  used  in  all  the  UTIAS  flights  to  date  is  a modified 
welding  gun  type  M22-01003  manufactured  by  Energy  Beams  Inc.,  Haskell,  N.J. 

This  gun,  depicted  in  Fig.  10,  operates  with  a space  charge  limited  perveance 
of  0.1  x 10“°;  it  is  of  modified  Pierce  geometry  enabling  it  to  be  operated 
with  0.25  mm  dia.  tungsten  filament  cathodes.  The  primary  beam  focus  is  a 
spot  about  0.5  mm  in  diameter  approximately  6 mm  from  the  external  anode 
surface  and  the  total,  beam  angle  is  6.5  degrees. 

The  gun  functions  at  80 efficiency  over  the  pressure  range  below 
10“ 7 to  10“2  torr  (in  air  at  300  K temperature)  and  will  operate  without 
arcing  at  pressures  below  1 torr.  On  flight  VB-32  the  gun  was  flown  in  an 
unevacuated  state  and  performed  satisfactorily.  The  densities  encountered 
daring  flight  were  between  5 x 10“^  and  5 x 10"6  equiv.  torr. 

All  metal  portions  of  the  gun  are  machined  from  non-magnetic  stain- 
less steel;  mica  is  used  to  insulate  the  filament  supports  and  fired  lava  is 
employed  for  positioning  the  beam  forming  or  cathode  electrode.  (The  spacing 
of  this  electrode  with  respect  to  the  anode  plate  is  critical  as  is  the  cathode 
location.)  Tungsten,  0.25  mm  diameter  wire  is  used  for  the  cathodes  which  are 
wound  at  room  temperature.  With  the  short  supporting  wires  these  cathodes  are 
extremely  rugged  and  the  assembled  gun  can  easily  withstand  the  necessary 
vibration  tests  for  rocket  flights .* 

Several  of  these  guns  have  been  operated  over  long  periods  (7  hours 
continuously  at  2-5  kV  and  7 mA)  in  laboratory  studies.  When  combined  with  a 
suitable  emission  controller,  they  are  a valuable  adjunct  to  the  low  density 
diagnostic  equipment  inventory. 

The  addition  of  magnetic  deflection  coils  with  their  axes  near  the 
plane  of  the  cathode  allows  the  gun  to  be  operated  in  a pulsed  mode  permitting 
the  optical  fluorescence  signal  to  be  synchronously  detected. 

3*5  Focussing  the  Electron  Beam 

In  many  welding  type  guns  the  primary  focus  is  close  to  the  gun 
structure  and  refocussing  of  the  electrons  is  desirable  in  order  to  maintain 
a reasonable  beam  cross-section  at  the  observation  region.  Electrostatic  or 
magnetic  lenses  may  be  used  and  an  excellent  account  of  both  types  may  be 
found  in  Ref.  12. 

Electrostatic  Lenses 

Electrostatic  lenses  (Fig.  11a)  are  simple  to  construct  and  have 
low  power  consumption;  an  einzel  type  should  preferably  be  used  for  refocus- 
sing the  beam.  This  ensures  that  the  potential  before  and  after  the  lens  is 
the  same. 

^Vibration  specifications:  15  g peak,  20  to  2000  Hz.  One  40  second  frequency 

sweep  in  each  of  the  3 major  axes. 
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Whilst  electrostatic  lenses  are  attractive  by  virtue  of  their  sim- 
plicity, they  expose  large  surface  areas  at  high  potential  to  the  ambient 
atmosphere.  Paschen  breakdown  is  therefore  likely  at  low  altitudes  with  this 
type  of  lens  and  for  this  reason  they  have  been  avoided  in  the  present  study. 

Magnetic  Lenses 


Permanent  magnets  may  be  used  to  focus  an  electron  beam.  The  annular 
magnets  should  be  energized  in  the  orientation  shown  in  Fig.  lib. 

A solenoidal  coil  lens,  depicted  in  Fig.  11c,  is  more  efficient  if 
magnetic  shielding  is  employed  to  confine  tVo  flux  leakage  to  a narrow  circular 
region  perpendicular  to  the  coil  axis.  Confining  the  flux  also  helps  to  define 
the  principal  plane  of  the  lens  for  calculation  purposes.  Using  the  notation 
of  Fig.  11c,  the  conjugates  and  image  sizes  may  be  calculated  using  the  simple 
lens  equation 


±+i-± 

u v f 


(3.3) 


where  u and  v are  the  distances  from  the  lens  plane  to  the  primary  beam  focus 
point  in  front  of  the  gun  anode  plate,  and  to  the  desired  observation  point, 
respectively.  The  quantity  f is  the  effective  focal  length  of  the  lens  and  it 
can  be  obtained  from  Ref.  12: 

f = T~72  (3.4) 

(NI) 

where  G is  known  as  the  coil-form  factor  and  has  a value  G « 98  R when  the  coil 
is  operated  in  air,  R being  the  effective  coil  radius.  The  product  NI  is  the 
number  of  aapere  turns  and  V is  the  gun  acceleration  potential  in  volts.  Klem- 
perer (Ref.  12)  quotes  a practical  upper  limit  for  coil  current  of  2.3  amp/mm2 
when  the  lens  is  air  cooled. 

For  the  VB-39  apparatus  (to  be  discussed  in  Sec.  5.2),  u and  v were 
3.18  cm  and  10.8  cm,  respectively.  The  coil  was  conposed  of  1100  turns  of 
No.  30  AWG  magnet  wire  (24.3  ft)  and  was  operated  at  220  mA  to  give  a current 
density  of  I.85  amp/mm2  and  a calculated  effective  focal  length  of  4l.8  mm  for 
a 2.5  kV  electron  beam  and  R = 1 cm.  The  actual  focal  length  under  these 
conditions  was  about  25  mm  and  the  increased  efficiency  was  due  to  magnetic 
shielding. 

The  Seidel  aberrations  are  present  in  an  uncorrected  magnetic  lens; 
however,  from  a practical  standpoint  they  do  not  present  a serious  impediment. 
The  focussed  beam  is  well  defined  and  of  adequate  cross-section  (l-2  mm  dia) 
at  the  focal  region  for  the  type  of  measurement  optics  to  be  described  later. 

Deflection  of  the  Electron  Beam 

In  most  cases  viewing  of  the  beam  in  the  observation  region  is 
acconplished  by  an  optical  system  which  views  a finite  portion  of  the  beam 
fluorescence.  Wandering  of  the  beam  can  therefore  introduce  serious  conplica- 
tions  in  analysis.  In  laboratory  experiments  it  has  been  observed  that  electron 
beams  of  less  than  10  keV  energy  are  easily  perturbed  when  operating  in  close 
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proximity  to  large  masses  or  iron  or  steel  due  to  the  residual  magnetism  of 
these  items.  In  a rocket  experiment  care  must  be  taken  to  project  the 
electron  beam  into  a region  free  from  stray  magnetic  fields,  and  a similar 
philosophy  must  also  be  adopted  during  calibration  of  the  EBFP.  During  the 
flight  the  beam  will  be  perturbed  by  the  earth's  magnetic  field;  on  many 
payloads  there  is  some  spin  associated  with  the  vehicle  resulting  in  sub- 
sequent periodic  movements  of  the  beam  in  the  observation  region. 

The  deflection  of  the  beam  as  a function  of  the  accelerating  voltage 
by  the  conponent  of  the  earth's  magnetic  field  perpendicular  to  the  beam  is 
shown  in  Fig.  8.  It  should  be  noted  that  if  the  beam  is  aligned  with  the 
earth's  field  then  this  effect  disappears.  Fort  Churchill  is  a poor  location 
for  minimizing  this  effect,  having  a magnetic  declination  of  83.5° « 

In  the  situation  where  a low  energy  beam  is  projected  some  distance 
from  the  rocket,  a partial  compensation  of  the  beam  shift  may  be  made  using 
electrostatic  deflection  plates  to  change  the  beam's  direction  before  it 
reaches  the  observation  region;  this  technique  was  employed  in  the  apparatus 
flown  on  rocket  AEF-II-118.  The  following  relationship  may  be  used  for 
correcting  a beam  displacement  D at  a distance  L from  a pair  of  parallel 
plates  of  length  H and  separation  d.  The  accelerating  potential  is  assumed 
to  be  V and  a potential  V'  is  maintained  between  the  places 

D-fjV’/V  (3.5) 


3 .6  Location  of  the  Observation  Region 

The  EBFP  enables  gas  to  be  sanpled  at  some  distance  from  the  payload 
without  the  introduction  of  'material'  probes  in  the  observation  region.  How 
representative  of  the  ambient  atmosphere  the  sampled  gas  is,  depends  on 
several  factors.  For  example,  the  vehicle  motion,  outgassing  from  the  rocket 
payload,  as  well  as  reflection  of  ambient  gas  particles  from  payload  surfaces 
may  affect  the  measurements  in  the  observation  region.  Thus,  in  order  to 
facilitate  the  interpretation  of  the  flight  results  it  is  desirable  to 
minimize  such  effects. 


Below  altitudes  of  about  80  km  the  EBFP,  with  a characteristic 
dimension  of  approximately  10  cm,  is  in  the  continuum  flow  regime  with  a 
Knudsen  number  of  the  order  of  0.05 . Consequently,  on  a vehicle  travelling 
at  supersonic  speeds,  the  EBFP  observation  region,  if  chosen  to  be  too  close 
to  the  payload,  may  be  disturbed  by  the  bow  shock  wave  formed  in  front  of  the 
apparatus.  This  is  shown  in  Fig.  12  which  is  a flow  field  visualization  on 
a l/l4th  scale  model  of  the  EBFP  apparatus  flown  on  AEF-II-118  (Fig.  13). 

The  photograph  indicates  the  density  variation  in  the  flow  which  simulates 
atmospheric  densities  corresponding  to  90  km  altitude  and  a flow  Mach  number 
of  M = 5.  The  location  of  the  observation  volume  for  the  flight  was  chosen 
to  exclude  the  regions  disturbed  by  the  presence  of  the  shock  wave. 

If  the  electron  gun  can  be  mounted  in  the  tip  of  the  rocket,  firing 
forward  as  shown  in  Fig.  l4,  it  is  possible  to  prepare  the  apparatus  in  such 
a way  as  to  produce  an  attached  shock  wave.  As  a result,  minimal  perturbations 
of  ambient  atmospheric  conditions  would  occur  at  the  observation  region  ahead 
of  the  apparatus.  However,  it  should  be  mentioned  that  this  operating  con- 
figuration introduces  other  conpli cations . First,  the  observation  region  will 
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be  in  an  unfavourable  location  for  measuring  during  the  down-leg  portion  of 
the  flight,  unless  the  payload  is  turned  to  point  towards  the  earth.  Secondly, 
a backstop  cannot  be  employed  to  either  collect  the  beam  or  for  optical  back- 
ground light  rejection. 


At  high  altitudes,  where  the  mean  free  path  of  the  ambient  gas  is 
many  times  the  apparatus  dimension,  the  flow  is  free  molecular.  Under  such 
flow  conditions,  it  is  possible  for  molecules  originating  from  outgassing  of 
the  vehicle  or  components  to  reach  the  observation  volume . In  addition, 
ambient  gas  molecules  that  have  first  struck  portions  of  the  payload  may  be 
reflected  into  the  observation  region.  Corrections  may  be  made  for  reflected 
ambient  gas  molecules,  if  certain  assumptions  are  made  concerning  the  accommo- 
dation coefficient  of  the  reflecting  surfaces.  Goldberg  (Ref.  13)  examined 
this  problem  for  the  tip  mounted  gun  and  Fig.  l4  shows  the  reflected  number 
density  for  two  angles  of  attack  at  speed  ratio  of  unity.  The  effect  of 
reflected  molecules  for  the  AEF-II-118  EBFP  apparatus  has  been  treated  in 
Sec.  2.3. 


Electron  Beam  Collector  and  Optical  Backs to' 


Rocketborne  electron  beam  studies  up  to  the  present  time  have 
enployed  an  electron  beam  collector  to  avoid  excessive  charge  buildup  on  the 
vehicle.  In  the  case  of  the  UTIAS  probes,  the  beam  collector  serves  a dual 
purpose  by  providing  an  optically  black  background  for  the  viewing  optics. 


If  a direct  return  path  for  the  electrons  to  the  power  supply,  such 
as  a backstop,  is  not  provided,  the  rocket  will  acquire  a net  positive  charge. 
Using  the  analysis  of  Beard  and.  Johnson  (Ref.  l4)  and  assuming  charge  condensa- 
tion occurs  on  a spherical  vehicle  of  0.25  metre  radius  (a  conservative  value 
for  a separated  payload) , the  rocket  potential  will  then  be  less  than  150  V at 
110  km  and  less  than  l600  V at  75  km  for  a 10  mA  2.5  kV  DC  beam.  It  is  irportant 
to  note  that  even  with  an  electron  collector  enough  electrons  miss  the  backstop 
due  to  scattering  at  law  altitude  to  produce  a charge  buildup  which  seriously 
perturbs  potential  and  charge  measuring  experiments  on  the  same  payload.  On  the 
UTIAS  flight  VB-28,  the  backstop  did  not  deploy  and  the  beam  was  discharged  with 
no  collection  other  than  that  provided  by  return  conduction  due  to  the  plasma 
properties  of  the  ambient  atmosphere.  The  excessively  high  light  yield  on  this 
flight  has  been  tentatively  ascribed  to  optical  excitation  caused  by  secondary 
electrons  spiraling  back  to  the  rocket  along  the  magnetic  lens  field  lines. 


For  appropriately  chosen  spectral  features,  the  optical  fluorescence 
signal  is  proportional  to  the  beam  current  passing  through  the  observation  region 
However,  because  of  electron  scattering  at  high  gas  densities,  there  may  be  a 
considerable  difference  between  the  current  leaving  the  gun  and  that  collected 
by  the  backstop.  Thus  the  actual  current  passing  through  the  observation  region 
may  not  be  know..  A laboratory  calibration  with  gases  of  known  density  must  be 
used  in  order  to  validate  the  EBFP  as  a density  gauge.  The  variation  of 
collected  beam  current  as  a function  of  altitude  for  flight  AEF-II-118  is  shown 
in  Fig.  3* 


If  the  electron  beam  is  modulated,  it  is  possible  to  measure  the 
beam  current  anywhere  along  its  length  using  a current  type  transformer  probe 
The  location  of  this  device  is  chosen  to  introduce  minimum  aerodynamic  distur- 
bance and  is  usually  placed  at  the  gun  exit  orifice.  A conparison  of  the  two 
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beam  current  measuring  techniques  over  a range  of  pressures  for  the  apparatus 
flown  on  VB-39  is  presented  in  Fig.  15.  It  is  evident  that  at  higher  pressures 
the  beam  current  collected  at  the  backstop  is  less  than  that  measured  at  the 
gun  exit  orifice. 

Optical  Properties  of  Backstops 

In  principle,  the  combination  of  the  stop  S and  the  backstop  B 
shown  in  Fig.  l6a  provides  for  complete  rejection  of  background  light  from 
- the  optical  detector.  In  practice,  surface  imperfections  of  the  lens,  as 

at  P,  may  scatter  light  into  the  detector;  similarly,  some  light  may  be 
reflected  or  scattered  from  the  backstop  into  the  system. 

A compact  low  reflectance  backstop  may  be  made  from  a stack  of 
razor  blades,  as  shown  in  Fig.  l6b.  The  reflectance  varies  with  the  direc- 
tion of  illumination  changing  from  about  10~2  to  2 x 10” 3 for  light  parallel 
and  perpendicular  to  the  grooves,  respectively,  when  directed  at  45 t to  the 
backstop  plane  normal.  The  optical  trapping  principle  is  shown  in  Fig.  l6cj 
light  entering  the  wedge  should  be  specularly  reflected  and  it  is  important 
that  all  surfaces  be  dust  free. 

A superior  optical  trap  is  shown  in  Fig.  l6d.  The  edge  of  each 
wedge  is  a razor  blade  and  the  wedge  interiors  are  coated  with  Apiezon  black 
wax  which  has  an  extremely  low  diffuse  reflection  coefficient.  This  method 
produces  a background  at  least  two  orders  of  magnitude  blacker  than  the  razor 
blades;  however,  it  cannot  receive  the  beam  directly  and  the  operating  tempera- 
ture is  restricted  to  below  120°C.  Neither  point  is  a serious  restriction  on 
a rocket  flight . 

4.  OPTICAL  DETECT ION  SYSTEM  FOR  EBFP 

In  order  to  spectrally  analyze  the  electron  beam  induced  fluores- 
cence of  the  EBFP  two  methods  of  light  transport  were  employed.  On  flight 
AEF-II-118  the  radiation  originating  from  the  observation  volume  was  collected 
by  the  direct  viewing  method  depicted  in  Fig.  17a.  For  the  other  flights, 
namely  VB-28,  VB-32  and  VB-39?  the  collected  radiation  was  transported  by 
optical  fibres  as  showm  in  Fig.  17b. 

For  the  direct  viewing  method  of  AEF-II-118,  the  apparatus  was 
so  arranged  that  the  electrons  travelled  from  the  gun  through  a light-tight 
metal  tube  and  exited  via  an  axial  hole  in  the  first  lens,  Lq  (refer  to 
Fig.  17a),  the  latter  having  an  aperture  of  f/2.3.  Light  was  collected  from 
about  1 cm  of  beam  length  located  at  about  15  cm  from  the  lens  and  then  directed 
by  a mirror  and  lens  Lo  through  the  stop  S to  the  photomultiplier  tubes  after 
being  collimated  and  passed  through  two  narrow  band  interference  filters. 

Light  from  a small  6v  tungsten  lamp  was  reflected  into  the  main  optical  path 
using  a thin  clear  glass  splitter  allowing  the  photomultiplier  tube  sensiti- 
vities to  be  checked  during  laboratory  calibrations  and  flight  operation. 

Although  providing  the  distinct  advantage  that  each  channel  views 
the  same  optical  volume,  the  direct  viewing  method  becomes  cumbersome  when  a 
large  number  of  spectral  channels  are  required.  Greater  flexibility  in  providing 
light  for  each  optical  channel  and  in  locating  portions  of  the  apparatus  in 
the  payload  is  possible  by  using  optical  fibres  for  light  transport  as  shown  in 
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Fig.  17b.  The  light  may  also  he  shared  unequally  by  choosing  fibre  bundles 
of  varying  widths  but  the  dimensions  should  be  large  enough  to  allow  for  beam 
wandering.  Since  interstices  between  the  fibres  represent  zero  transmission, 
it  is  important  to  select  fibres  with  the  smallest  diameter  so  that  movements 
of  the  beam  image  may  be  adequately  resolved.  Each  fibre  bundle  is  transformed 
from  rectangular  to  circular  cross  section  to  provide  optimum  optical  coupling 
to  the  collimator  which  precedes  the  interference  filter. 

4.1  Interference  Filters  and  Fibre  Optics 

The  bandwidth  of  an  optical  interference  filter  at  half  the  peak 
transmission  is  given  by  the  following  approximation: 

A a2 

AA  ~ — 2-p-  (4.1) 

2n 

where  a is  the  angle  of  incidence  in  radians,  n the  effective  refractive  Index 
of  the  filter  and  A0  the  peak  wavelength  at  normal  incidence. 

It  is  especially  inportant  if  one  wishes  to  preserve  the  normal 
incidence  spectral  characteristics  of  a filter,  to  ensure  that  all  light 
passing  through  the  filter  does  so  at  a low  divergence  angle.  The  fibre  optic 
must  have  a numerical  aperture  large  enough  to  collect  the  light  from  the  beam 
efficiently;  this  light  will  then  leave  the  bundle  with  an  angular  spread 
(about  45°  for  the  optic  used  in  the  experiments  described  in  this  report). 
Passing  light  directly  from  a fibre  optic  through  an  interference  filter  can 
easily  triple  the  bandwidth  of  a loS  filter. 

Spectral  broadening  can  be  reduced  using  the  arrangement  shown  in 
Fig.  l8a,  the  fibres  being  placed  in  the  focal  plane  of  the  lens.  An  even 
better  method  entails  optically  coupling  the  lens  to  the  fibre  optic  as  shown 
in  Fig.  l8b.  For  f/l  coupling  this  results  in  a light  gain  of  about  a factor 
of  2.5  over  the  previous  method  for  the  same  incidence  angles  on  the  filter. 

The  lenses  are  easily  fabricated  from  plexiglass  and  when  properly  aligned 
produce  less  than  1A  of  broadening  on  a 10A  filter. 

Additional  protection  against  spectral  broadening  of  the  filter 
transmission  function  may  be  acquired  by  constructing  the  filters  with  high 
refractive  index  materials. 

The  optical  fibres  used  in  the  flights  to  date  were  of  low  diver- 
gence with  75  nm  diameter.  They  were  supplied  by  Dyonics  Ltd.  A spectral 
transmission  curve  for  the  Dyonics  fibres  is  shown  in  Fig.  19  along  with  the 
characteristics  for  a relatively  new  U.V.  transmitting  fibre. 

4.2  Photomultiplier  Tubes 

i 

For  the  experiment  flown  on  Black  Brant  Rocket  AEF-II-118,  EMR 
54lD-01-l4  photomultipliers  were  used.  These  tubes  had  a dark  current  of  about 
10” 11  amps  at  a gain  of  10&  and  a quantum  efficiency  of  about  4$  at  4000$. 

These  tubes  functioned  satisfactorily  in  all  aspects  but  time  response,  showing 
a small  hysteresis  signal  for  several  seconds  after  the  light  had  been  removed 
from  the  cathode. 
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EMI  9781A  photomultipliers  are  currently  used.;  with  treatment  as 
described  in  Ref.  15  these  tubes  have  a conparable  or  lower  dark  current  than 
the  EMR  tubes  and  a quantum  efficiency  of  about  2 Cfj0  at  4000$.  Although  these 
tubes  are  not  ruggedized,  they  are  less  than  one-tenth  the  cost  of  the  EMR 
tubes  and  when  immersed  in  a 5 * envelope  of  RTV  615  compound  conform  to  all 
the  usual  vibration  specifications. 

4.3  Spectral  Response  Function  Calibration  for  EBFP 

The  spectral  response  function  of  an  EBFP  optical  channel  is  required 
in  cases  where  gas  samples  of  the  desired  composition  and  temperature  cannot  be 
introduced  into  the  prcbe  region,  when  employing  the  calibration  procedure 
described  in  Section  r. . 

Although  an  exact  knowledge  of  the  spectral  properties  of  all 
channels  is  not  mandatory,  this  information  can  be  helpful  and  the  spectral 
characteristics  of  all  parts  of  an  EBFP  system  are  routinely  measured.  A 
method  has  been  developed  which  allows  both  the  relative  and  absolute  spectral 
sensitivities  of  all  EBFP  channels  to  be  determined  and  a step-by-step  des- 
cription of  the  procedure  is  given  below. 

1.  A diffuse  reflector*  of  appropriate  size  is  placed  in  the  probe  region 
as  shown  in  Fig.  20a  and  illuminated  with  narrow  band  radiation  of  a 
variable  wavelength  obtained  from  a tungsten  source  passed  through  a 
monochromator.  The  illuminated  portion  of  the  diffuser  should  corres- 
pond to  that  area  usually  occupied  by  the  electron  beam  fluorescence  in 
the  probe  region.  The  monochromator  should  be  adjusted  to  provide  a 
wavelength  interval  AA  which  is  one-tenth  (or  less)  of  the  'half 
intensity  band  width'  of  the  transmission  function  under  study  (Fig.  20b) 
to  ensure  accurate  measurements.  The  relative  spectral  response  function 
Tq,^  is  defined  as  the  product  of  the  transmittance  TpA  of  all  optical 
elements  in  the  i^h  EBFP  channel  and  the  corresponding  photodetector 
sensitivity  Dq\  at  a wavelength  A.  The  radiation  collected  by  the  EBFP 
lens  Lq  in  Fig.  20a  will  produce  a signal  Sqx  in  the  ith  channel  photo- 
detector after  passing  through  all  the  optical  elements  in  that  channel, 
that  is: 


iA  _ TiA  EA 


(4.2) 


where  E^  is  the  spectral  radiance  of  the  radiation  originating  from  the 
white  surface  at  wavelength  A.  Wavelength  scanning  enables  complete  Sj_A 
curves  to  be  obtained  (care  should  be  taken  to  apply  appropriate  correc- 
tions if  the  monochromator  bandwidth  AA  or  the  gain  of  the  amplifi er 
used  to  measure  the  photo  current  is  changed  for  different  channels). 

The  relative  spectral  response  functions  Tq^  may  then  be  obtained  from 
Eq.  4.2  by  two  alternative  ways  as  described  in  (2)  and  (3)  below. 

2.  A photodetector  whose  relative  quantum  efficiency,  Q^,  as  a function  of 
wavelength  is  known,  is  placed  at  the  location  of  the  lens  Lq  in  Fig.  20a. 


*Eastman  white  reflectance  standard,  Eastman  Kodak  Co.,  Rochester,  N.Y. 

This  material  has  100f0  reflectance  to  +0%  - 3 1o  over  the  region  250OA-8000X. 
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The  radiation  E^  falling  on  this  detector  will  give  rise  to  a detector 
signal  Ra  given  by 


(k  is  a normalising  constant  allowing  for  the  detector  gain  and  the  solid 
angle  of  the  radiation  collected  from  the  diffuse  reflector).  The  relative 
spectral  response  functions  may  now  be  derived  from  Eqs.  4.2  and  4.3 
since  Qa  is  known  and  Ra  and  S^a  are  measured  signal  quantities.  If  in 
addition  the  absolute  sensitivity  of  the  standard  photodetector  is  known 
then  the  constant  k in  Eq.  4.3  may  be  evaluated  and  the  absolute  values 
for  the  spectral  response  functions  also  deduced. 


Alternatively,  the  following  procedure  for  the  determination  of  the  relative 
spectral  response  functions  may  be  employed.  Narrow  band  filters  of  10A  to 
50A  half-width  are  usually  used  with  the  EBFP  and  although  there  may  be 
quite  large  variations  in  the  function  EA  from  filter  to  filter,  the  energy 
function  is  relatively  constant  over  each  individual  filter  bandwidth.  If 
the  assumption  is  made  that  Ea  does  not  vary  over  a filter  bandwidth  then 
for  each  channel  i,  E^  can  be  substituted  by  a constant  C^.  Thus  Eq. 

4.2  can  be  rewritten  as 


In  order  to  determine  the  t^,  once  S-^a  have  been  measured  as  described 
in  (l),  it  only  remains  to  evaluate  the  constants  . A standard  lamp 
of  known  relative  spectral  energy  distribution  Ha  is  positioned  as  shown, 
in  Fig.  20c  to  illuminate  the  diffuse  reflector  situated  in  the  probe 
region.  The  lens  L]_  then  passes  the  reflected  radiation  simultaneously 
to  all  EBFP  optical  channels.  The  measured  relative  detector  output  pj^ 
of  the  i^*1  channel  will  then  be  given  by 


Thus,  by  numerically  evaluating  the  integral  in  Eq.  4.5  the  constants  C 
can  be  obtained  which  allows  t. ^ to  be  determined  by  Eq.  4.4. 


If  the  spectral  response  functions  have  been  obtained  using  the  method 

outlined  in  (2)  then  the  standard  lamp  procedure  just  described  can  serve 
as  a consistency  check  between  the  channels.  For  this  test  the  calculated 
relative  response  of  each  channel  when  illuminated  as  shown  in  Fig.  20c 
are  obtained  from  the  following  equation 


Equation  4.7  should  hold  for  all  values  of  i if  C 
constant  over  the  bandwidth  of  channel  i. 


constant 


Absolute  values  for  the  spectral  response  functions  may  also  be  assigned 
if  the  absolute  spectral  radiance  of  the  standard  lanp  and  the  geometrical 
optical  constants  are  known. 


4.4  Optical  Signal  Characteristics 


Optical  Signal  Levels 

The  photomultiplier  anode  current,  S,  due  to  the  fluorescence 
radiation  is  given  by 

S = 1.6  x 10  T)  jpjp  t(A)  E(A)  dA  (amps) 


(4.8) 


where 


T)  = photomultiplier  quantum  efficiency 


G = photomultiplier  gain 

ft  = optics  solid  angle 

t(A)  = combined  transmittance  of  all  optical  elements 

E(A)  = fluorescence  flux  (photons/s  emitted  from  the  focal 
region  into  kv  steradians) 

The  quantity  E(A)  is  a function  of  the  gas  species  present  and  also  a function 
of  the  particle  density  and  the  electron  beam  current  passing  through  the 
observation  volume.  Figure  21  shows  the  magnitude  of  the  signals  which  may 
be  expected  using  a 5 mA  2500  eV  DC  beam  where  the  optical  fibre  method  of  , 
light  transport  is  enployed. 

Signal  Statistics 


Statistical  fluctuations  of  the  anode  count  rate  (N/s)  place  a limit 
on  the  measurement  precision  of  the  photomultiplier  signal.  With  all  other 
factors  (i.e.,  beam  current,  optics,  etc.)  fixed,  the  precision  can  be 
inproved  only  by  increasing  the  observation  time. 

If  a DC  beam  is  observed  for  a period  of  time,  resulting  in  an 
anode  count  N,  then  the  value  1/Vn  gives  the  statistical  accuracy  for  that 
observation.  For  the  nitrogen  channel,  shown  in  Fig.  21,  a 1%  measurement 
can  be  made  at  all  altitudes  lower  than  120  km  in  a 10  ms  interval;  this 
corresponds  to  an  altitude  differential  of  about  20  metres  for  a vehicle 
moving  at  2 km/s. 

In  the  situation  where  an  equal  interval  modulated  electron  beam 
produces  a signal  of  S counts/s  which  combines  with  a background  input  of 
D counts/s,  then  an  integration  time  * t ’ is  required  to  produce  a precision 
'a'  in  the  measurement. 


JB  + S 


(4.9) 


j 


Using  Eq.  4.9,  t has  been  calculated  as  a function  of  altitude  for 
the  same  parameters  detailed  in  Fig.  21  where  a dark  count  of  D = 500  s--'- 
has  been  assumed;  the  results  are  presented  in  Fig.  22. 

4.5  Background  Light  and  Its  Rejection 

A small  fraction  of  the  electrons  striking  the  backstop  will  be 
reflected  somewhat  specularly  at  or  near  the  primary  beam  energy;  these  may 
strike  the  optical  lens  and  other  structures  in  the  field  of  view  causing 
fluorescence.  This  spurious  optical  radiation  cannot  be  rejected  by  synch- 
ronous detection  and  will  set  a lower  limit  for  reliable  operation  of  the 
EBFP.  Vacuum  oils  and  greases  fluoresce  very  well  under  electron  bombardment 
as  does  pyrex  and  the  optical  glasses.  It  has  been  found  experimentally  that 
at  least  for  2.5  keV  electrons,  quartz  (GE  101)  and  plexiglass  have  a low 
fluorescence  yield  and  both  have  been  used  for  fabricating  the  first  collec- 
tion lens. 


In  addition, stray  light  may  enter  the  optical  system  from  aurora, 
moonlight,  or  even  from  Rayleigh  scattered  sunlight  if  the  solar  depression 
is  inadequate.  In  a detection  system  enploying  phase  sensitive  detection, 
light  from  sources  other  than  the  beam  may  be  partially  rejected  but  the 
time  required  to  reach  a certain  measurement  precision  given  by  Eq.  4.9  may 
be  inordinately  long.  It  is  therefore  highly  desirable  to  provide  as  much 
attenuation  to  background  light  as  possible  by  careful  optical  design. 

With  the  optical  design  of  the  direct  viewing  method  (AEF-II-II8) 
shown  in  Fig.  17a  the  stop  S provides  good  attenuation  for  all  light  not  on 
axis;  the  angular  dependence  of  the  rejection  is  shown  in  Fig.  23a.  Calcu- 
lations show  that  the  instrument  can  tolerate  ~ 1 kr  at  10°  from  the  optic 
axis,  resulting  in  a 10$  error  in  a nitrogen  density  measurement  at  150  km. 
The  center  of  the  lens  Lp  in  Fig.  17a  is  essentially  opaque;  this  serves 
two  useful  purposes.  First,  the  length  of  the  beam  viewed  by  this  lens 
is  confined  to  a region  midway  between  the  lens  and  the  backstop,  thus 
occluding  from  view  the  disturbed  regions  at  lower  altitudes.  Figure  23b 
shows  the  light  collection  efficiency  along  the  optical  axis.  Secondly, 
light  from  the  gun  filament  which  illuminated  only  a small  central  portion  of 
the  backstop  was  prevented  from  entering  the  optical  system  since  paraxial 
rays  could  not  pass  through  the  lens-stop  combination. 

Although  the  fibre  optic  method  has  advantages  in  compactness  and 
flexibility,  it  is  more  difficult  to  reject  background  radiation  with  this 
arrangement.  If  the  maximum  amount  of  light  from  the  beam  is  to  be  utilized, 


then  the  equivalent  stop  S of  Fig.  17a  must  be  so  large  as  to  make  its  use  of 
questionable  value.  The  fibre  optic  detection  system  employs  lens  hoods  and 
a large  stop  shown  in  Fib.  17b.  The  hoods  are  kept  as  short  as  possible  to 
minimize  aerodynamic  disturbances . The  angular  rejection  of  stray  light 
for  the  fibre  optic  system  is  shown  in  Fig.  24  and  shows  a better  rate  of 
attenuation  than  the  direct  viewing  arrangement  (the  latter  could  be  improved 
significantly  with  the  addition  of  lens  hoods).  The  calculated  background 
tolerance  for  a 10$  error  in  the  nitrogen  density  measurement  at  150  km  is  2.5 
kr  at  30°  from  the  optic  axis. 


the  cone  is  shown  m 


5.1  Initial  Flight  of  EBFP:  Black  Brant  Rocket  AEF-II-118 


Vehicle  and  component  outgassing  continues  to  bother  many  rocket 
launched  experiments  and  an  attempt  was  made  to  alleviate  this  problem 
using  the  procedures  outlined  below: 

(a)  The  whole  nose  cone  section  of  the  payload  was  vacuum  sealed,*  providing 
a pressure  of  10"5  torr  during  all  testing  phases  prior  to  flight. 

Figure  25  shows  the  portable  vacuum  system  attached  to  the  payload.  Wit 
punping  discontinued  the  pressure  rose  to  300  m torr  in  24  hours.  At 
launch,  the  cone  pressure  was  below  100  m torr. 

(b)  All  pyrotechnics  were  either  qualified  as  gas  containing  or  separately 
confined  in  0-ring  sealed  compartments . 

(c)  All  portions  of  the  payload  at  atmospheric  pressure  were  sealed  to 
prevent  gas  leakage  in  flight. 

(d)  The  payload,  section  was  separated  from  the  spent  motor  with  a relative 
separation  velocity  of  1.2  m/s. 

•*-  T>"-’ — J ^ ™ — 1 >nt  (AEF-II-118) 


. ROCKET  EXPERIMENTS  AND  FLIGHT  RESULTS 


A Black  Brant  II  rocket,  AEF-II-118  launched  on  28  January,  1969, 
from  Fort  Churchill,  Manitoba  carried  the  first  version  of  the  EBFP.  A 
coiplete  rocket  payload  was  available  for  the  experiment  permitting  proce- 
dures that  would  not  ordinarily  be  possible  when  flying  as  a passenger  experi- 
ment. The  flight  package  is  shown  in  Fig.  13  using  the  direct  viewing  optical 
configuration  of  Fig.  17a.  The  primary  purpose  of  the  instrument  was  to 
demonstrate  the  application  of  the  EBFP  for  upper  atmospheric  diagnostics. 

The  apparatus,  previously  referred  to  as  a Rotational  Tenperature  Apparatus 
(RTA)  in  Refs.  1 and  2,  used  two  narrow  band  optical  channels  located  in  the 
n£  first  negative  system  (0,1)  vibrational  band  in  order  to  obtain  rotational 
tenperature  measurements . 

Vacuum  Procedures  for  AEF-II-118 


A razor  blade  backstop  was  employed  on  AEF-II-118  and  symmetrical 
mass  distribution  was  achieved  using  a dummy  arm.  The  total  payload  was  then 
dynamically  balanced  to  0.7  kg-cm  at  3 rps,  to  minimize  attitude  changes  after 
payload  separation. 


The  deployment  of  the  clamshells  at  a spin  rate  of  3 rps  posed  some 
difficulties.  There  is  a tendency  for  the  cone  halves  to  shear  as  they  are 
separated  (Fig.  27a).  This  shearing  is  brought  about  by  the  cone  halves 
rotating  more  slowly  with  respect  to  the  payload  as  they  move  outwards  conser- 
ving their  angular  momentum.  Clean  deployment  was  finally  achieved  using 


te  problem  of 

intersecting  seal  paths  was  solved  with  the  aid  of  a metal  spacer  and  a small 
viton  rubber  insert,  providing  a seal  for  the  upper  and  lower  portions  of 
the  spacer  and  also  sealing  against  the  two  0-rings  contained  in  each  half- 
cone section. 


mechanical  restraints  as  shown  in  Fig.  27b;  the  lower  guides  prevented  slippage 
of  the  clamshells  around  the  payload  base,  whilst  the  fingers  located  on  the 
cones  acting  on  the  instrument  section  ensured  that  the  clamshells  were  clear 
of  all  internal  structure  before  shearing  action  could  take  place. 

Deflection  of  the  Beam  at  Fort  Churchill 

An  experimental  check  on  the  influence  of  the  earth's  magnetic  field 
was  carried  out  at  the  Churchill  Research  Range  (C.R.R.)  A tube  of  sufficient 
length  and  diameter  to  permit  optical  observation  of  the  beam  was  attached  to 
the  nose  cone  and  the  gun  was  operated  at  a pressure  of  about  20  mtorr  in  air. 

The  optical  signal  was  unchanged  when  the  payload  was  tilted  to  ± 45°  in  all 
azimuths  about  the  vertical;  this  confirmed  the  prediction  from  laboratory 
tests . 

Calibration  Lamp 

A carefully  regulated  CM  2l8l  6V  tungsten  filament  lamp  run  at 
about  1750  K temperature  was  used  to  measure  changes  in  the  photomultiplier 
sensitivities  during  calibration,  before  launch  and  during  the  flight. 

Spectral  Calibration  of  the  EBFP-RTA 

In  order  to  bypass  the  interference  filter  problems  mentioned  earlier 
in  this  report  it  was  decided  than  an  in  situ  calibration  of  spectral  sensitivity 
functions  for  the  complete  instrument  would  be  carried  out.  The  optical  arrange- 
ment for  this  procedure  is  outlined  in  Fig.  28a.  An  Eastman  white  reflectance 
standard,  having  properties  approaching  an  ideal  Lambertian  diffuser  was  placed 
at  the  focal  point  of  the  EBFP  lens  Lp  (refer  to  Fig.  17a).  Monochromatic 
radiation  of  known  intensity  was  then  imaged  onto  this  surface  and  the  relative 
spectral  response  functions  of  the  EBFP  could  be  determined  from  the  photo- 
multiplier outputs  (refer  to  Sec.  4.3). 

The  spectral  response  functions  given  in  Fig.  28b  were  identical  for 
all  spot  sizes  of  light  reflected  from  the  Eastman  white  surface,  including 
that  which  filled  the  defining  aperture  shown  in  Fig.  17a.  This  ensured  that 
wandering  of  the  beam  would  not  result  in  calibration  changes . Figures  28b 
and  28c  also  show  the  light  intensity  distribution  in  the  rotational  lines  of 
the  n£  IN  (0,1)  band  at  293  and  77  K,  respectively. 

Gas  Tenperature  Calibration  of  EBFP-RTA 

Ideally  a gas  calibration  of  the  EBFP  in  the  laboratory  should 
provide  for  duplication  of  the  conditions  encountered  in  flight.  These  would 
include  simulation  of  composition,  density,  tenperature  and  directed  velocity 
of  the  gas  for  the  entire  altitude  range.  These  requirements,  superficially 
simple,  are  actually  quite  formidable  and  only  a static  check  on  various  gases 
at  different  densities  and  temperatures  was  attempted.  Static  calibrations 
should  suffice  if  the  characteristic  radiations  chosen  for  EBFP  diagnostics 
are  optically  allowed  emissions  resulting  from  direct  excitation-emission 
transitions;  hence  the  measured  quantities  should  be  velocity  independent. 

The  Njj  First  Negative  system  used  for  the  AEF  II-118  apparatus  satisfied  these 
requirements . 


» 
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Channel  Fibre  Optic  System 


Two  contact  versions  of  the  EBFP  have  been  flown  as  passenger  experi- 
ments; they  are  shown  in  Figs.  33-35*  Up  to  1+  real  time  synchronously  detected 


Flight  Results  with  the  Rotational  Termer ature  Apparatus  (EBFP-RTA 


The  flight  temperature  data  for  AEF  II-118  have  been  reduced  and  are 
compared  with  the  CIRA  1972  model  atmosphere  in  Fig.  31*  On  the  upleg,  with 
the  fore  portion  of  the  RTA  directed  into  the  wind,  the  measured  tenperature 
shows  good  agreement  with  the  reference  atmosphere.  However,  on  the  downleg 
there  is  a sharp  increase  in  the  RTA  tenperature,  commencing  at  approximately 
110  km  where  transition  flow  conditions  occur.  These  results  point  out  the 
inportance  of  locating  the  probe  region  in  a position  free  from  aerodynamic 
interference.  The  spurious  downleg  tenperature  measurements  are  the  result 
of  shock  disturbance  from  the  lower  portion  of  the  instrument  package.  The 
vehicle  orientation,  although  inportant  in  the  free  molecular  region  as 
far  as  reflected  molecules  are  concerned,  becomes  critical  at  higher  densities 
where  the  probe  may  be  sanpling  a shock  contaminated  region. 


Although  the  RTA  was  designed  primarily  ad  a tenperature  sensor, 
by  conparing  the  absolute  photomultiplier  flight  signals  with  those  obtained 
under  laboratory  conditions,  it  is  possible  to  derive  density  information. 

The  narrow  band  filters  did  not  include  all  the  rotational  line  emissions 
from  the  Nj£  IN  band  and  an  adjustment  is  necessary  which  corrects  the  measured 
density  for  tenperature  variation;  this  adjustment  has  been  applied  and  the 
derived  density  results  are  given  in  Fig.  32. 


Two  hot  cathode  Bayard  Alpert  type  ion  gauges  were  included  in  the 
payload  enabling  atmospheric  density  to  be  obtained  using  a modulation  method 
described  by  Grenda  in  Ref.  16.  For  conparison  purposes  these  density  results 
are  also  included  in  Fig.  32. 


loying  the  Multi-Spectral 


Ratio  Measurement  Using  Logarithmic  Anplifiers 


In  flight  the  ratio  of  the  two  signals  (I4254/I4271)  *-s  conveniently 
handled  electronically  by  taking  the  difference  of  the  logarithms  of  both 
signal  outputs  as  shown  in  Fig.  17a;  the  final  output  is  then  the  log  of  the 
desired  ratio. 


It  should  be  pointed  out  that  at  the  higher  tenperatures  outgassing 
contaminates  the  source  gas  and  raises  the  punp  load  making  cleanup  more 
difficult.  In  view  of  these  problems  and  the  uncertainties  in  ascertaining 
the  true  tenperature  of  the  source  gas,  the  theoretically  predicted  curve 
(Fig.  6)  was  used  for  the  reduction  of  the  flight  results. 


Using  the  apparatus  shown  in  Fig.  29,  an  attenpt  was  made  to  obtain 
a curve  for  the  variation  of  the  ratio  of  photomultiplier  signals  in  the  two 
channels  with  tenperature  using  the  two- channel  photometric  scheme  described 
in  Sec.  2.  The  source  heater/cooler  supplied  gas  at  tenperatures  in  the  77  K 
to  750  K range  to  the  observation  region  of  the  EBFP-RTA.  The  experimental 
signal  ratios  obtained  using  this  method  are  shown  in  Fig.  30  together  with 
the  theoretical  curve  calculated  in  Sec.  2.3  for  ft  = 0 using  the  instrumental 
spectral  sensitivities  and  the  theoretical  spectral  intensity  distribution 
for  the  N2  IN  (0,l)  vibrational  band. 
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channels  or  5 DC  time  shared  channels  are  available  for  spectral  filters. 

Black  Brant  VB-32:  Experiment  and  Flight  Data 

This  vehicle  was  launched  on  March  3,  1971  into  an  intense  aurora 
(>  50  kr),  all  parts  of  the  experiment  functioned  well,  yielding  good  data. 

The  electron  gun  on  this  package  was  flown  in  an  unevacuated  condition  being 
vented  only  through  the  gun  exit  orifice.  The  functional  operation  of  the  gun 
was  checked  prior  to  flight  by  subjecting  the  entire  apparatus  to  a conserva- 
tive flight  pressure  profile. 

Typical  telemetry  signal  traces  obtained  with  5 DC  time  shared 
channels  are  shown  in  Fig.  36;  the  sequencing  time  was  chosen  to  allow  for 
just  over  one  rocket  spin  cycle  in  each  filter  observation  period. 

Molecular  nitrogen  concentrations  measured  during  flight  VB-32  are 
presented  in  Fig.  37.  Auroral  light  from  the  01  5577^  forbidden  transition 
affected  the  molecular  oxygen  channel  signal  and  these  data  have  been  omitted. 
The  O2  concentration  measuring  channel  was  located  in  the  (l,0)  band  sequence 
of  the  o£  UNT  system  located  at  about  5590°;  the  filter  half  intensity  band- 
width was  about  70A. 

Time  did  not  permit  a test  of  the  stray  light  rejection  character- 
istics of  this  instrument.  They  are,  however,  significantly  inferior  to  the 
newer  fibre  optic  systems  employing  lens  hoods. 


Black  Brant  VB-28; 


seriment  and  Flight  Data 


For  this  experiment  two  EBFP  units,  each  employing  5 DC  time-shared 
channels,  were  placed  in  a back-to-back  configuration  as  shown  in  Fig.  34.  The 
gun  and  the  upper  optics  units  were  placed  in  the  topmost  portion  of  the 
payload  and  optically  coupled  with  1.8  m of  fibre  optics.  Launching  took 
place  at  0943  GMT  on  March  24,  1972  from  Fort  Churchill. 

The  channels  were  selected  in  such  a way  as  to  enable  molecular 
nitrogen,  molecular  oxygen  and  atomic  oxygen  concentrations  to  be  measured. 

For  N2  concentration  the  n£  IN  (0,1)  vibrational  band  was  selected.  Two 
channels  were  allocated  to  O2:  the  (l,0)  and  (2,0)  band  sequences  of  the  o£ 

IN  system.  The  atomic  oxygen  channel  was  located  at  44l6X  to  collect  light 
from  the  Oil  4415  and  44l7A  spectral  lines.  A detailed  description  of  the 
spectral  response  function  calibration  and  static  gas  calibration  as  well 
as  the  reduction  of  flight  results  for  the  VB-28  EBFP  is  given  in  Ref.  5. 

To  alleviate  outgassing  problems  the  EBFP  was  launched  with  the  gun 
in  an  evacuated  state.  The  vacuum  arrangement  can  be  seen  from  Fig.  17b. 

Buna  N 0-rings  were  used  since  these  have  a very  low  permeability  for  air 
(6  atm  cm3/year  per  linear  metre  of  seal).  Opening  the  gun  in  flight  was 
acconplished  with  a bellows  actuated  0-ring  sealed  cover.  Final  evacuation 
of  the  guns  was  carried  out  at  C.R.R.  with  the  internal  pressure  at  launch 
being  below  200  mtorr  air. 

During  clamshell  ejection  the  backstops  were  damaged  and  did  not 
deploy  completely.  This  resulted  in  light  leakage  into  the  optical  system. 
Signal  leakage  from  the  moon  can  be  seen  quite  clearly  on  the  sample  telemetry 
record  shown  in  Fig.  36b,  appearing  cyclically  at  the  rocket  roll  rate. 
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The  VB-28  flight  results  for  N2  and  O2  concentrations  presented  in 
Fig.  37  have  been  normalized  to  the  nitrogen  concentrations  obtained  during 
flight  VB-32  over  the  110-120  km  range  (a  region  where  beam  losses  due  to 
scattering  are  acceptably  small);  this  was  necessary  since  the  beam  current 
could  not  be  determined  without  the  backstops. 

Channels  were  also  allocated  to  the  44l6$  Oil  line  for  atomic 
oxygen  concentration  measurements  but  light  leakage  from  the  moon  prevented 
an  accurate  reduction  of  these  data. 
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Black  Brant  VB-39?  Experiment  and  Flight  Data 

Black  Brant  VB-39  was  launched  from  C.R.R.  at  0253  GMT  on  February 
28,  1974,  carrying  an  EBFP  a°  part  of  the  l4  experiment  payload  conplement. 

The  EBFP  incorporated  four  re^l  time  synchronously  detected  optical  channels 
using  a fibre  optic  arrangement;  the  instrumentation  is  shown  in  Fig.  35. 

The  four  channels  were  allocated  to  obtain  N2,  O2  and  0^  concentrations  as 
well  as  vibrational  tenperature  measurements.  For  N2,  O2  and  0^  concentrations 
the  filters  were  located  in  the  Nj  IN  (0,l)  band,  the  (1,0)  band  sequence  of 
the  O2  IN  system,  and  the  Oil  4415  and  Oil  4417$  lines,  respectively.  Vibra- 
tional temperature  was  to  be  obtained  by  measuring  the  ratio  of  the  N^  IN 
(0,1)  and  (1,2)  band  signals. 

In  order  to  apply  the  phase  sensitive  synchronous  detection  technique, 
the  electron  beam  was  magnetically  modulated  at  250  Hz  using  two  phased  coils, 
carrying  680  mA  current,  positioned  in  close  proximity  to  the  gun  cathode; 

90%  extinction  of  the  beam  was  achieved. 

Static  gas  calibration  of  the  instrument  was  performed  for  N2,  O2 
and  air  in  the  UTIAS  space  simulator  which  has  a pumping  speed  of  about 
10  k£/s  in  the  10"°  to  10_i+  torr  pressure  range.  The  blank-off  pressure  in 
the  simulator  is  about  10" 8 torr.  A typical  calibration  curve  for  the  4270$ 
channel  used  for  N2  concentration  measurements  is  presented  in  Fig.  38  for 
nitrogen,  oxygen  and  air.  The  nonlinear  portion  of  the  curves  at  low  pressures 
is  partially  due  to  outgassing  of  the  apparatus  since  it  has  been  noted  that 
an  increase  in  the  punping  speed  from  150  &/s  to  10  k2/s  results  in  an  extended 
linear  region. 

During  flight  the  vehicle  developed  a large  coning  motion  (about 
45°)  after  despinning  and  the  clamshells  struck  the  EBFP  on  deployment.  Due 
to  some  malfunction,  still  not  understood,  the  vacuum  gun  cover  was  not 
opened;  hence  no  beam  was  generated  in  the  observation  region.  The  EBFP 
functioned  normally  in  all  other  respects;  the  transformer  probe  showed  that 
the  guns  provided  beam  current  except  for  some  arcing  during  the  last  50  s 
of  the  flight,  probably  due  to  the  pressure  rise  in  the  gun  chamber. 

The  flight,  however,  did  provide  an  opportunity  to  test  the  back- 
ground light  rejection  capabilities  of  the  system.  The  auroral  intensity 
was  > 10  kr  but  the  background  signals  in  all  channels  were  below  10"40a. 

6.  CONCLUSIONS 

The  Electron  Beam  Fluorescence  Probe  has  been  successfully  applied 
to  obtain  simultaneous  measurements  of  neutral  gas  species  concentrations 
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and  nitrogen  rotational  temperature  in  the  upper  atmosphere;  the  measurement 
of  vibrational  temperature  can  also  be  made  with  appropriate  spectral  detectors . 
The  EBFP  diagnostic  technique  enables  such  measurements  to  be  made  remote  from 
the  carrier  vehicle  and  in  a continuous  and  non-perturbing  manner. 

The  altitude  range  over  which  the  EBFP  is  most  effective  is  dependent 
to  some  extent  on  the  electron  beam  energy.  For  a 2.5  keV  beam  carried  at  a 
velocity  of  a few  km/s  a lower  limit  of  approximately  65  km  is  applicable,  with 
the  upper  altitude  being  set  by  the  observation  time  which  can  be  tolerated. 

Less  than  0.05  s is  required  to  complete  a determination  of  the  nitrogen 
concentration  at  150  km  with  1%  precision;  this  time  increases  to  1 s at  300  km 
for  % precision. 

The  EBFP  is  unique  in  affording  the  only  currently  available  technique 
for  the  direct  measurement  of  rotational  tenperature.  When  used  for  the  deter- 
mination of  gas  density  it  has  an  accuracy  comparable  to  other  methods  presently 
available,  whilst  offering  the  additional  advantage  of  being  a non-perturbing 
probe . 
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AFPEKDIX  A;  REVIEW  OF  ATMOSPHERIC  MEASUREMENT  TECHNIQUES 


Much  attention  has  been  paid  to  the  lower  ionosphere  (below  l6o  km) 
which  has  been  intensively  investigated  for  its  plasma  properties  since  these 
directly  influence  the  propagation  of  radio  waves.  Much  effort  has  also  been 
expended  on  determining  other  atmospheric  parameters  such  as  the  temperature 
and  corposition  of  the  neutral  constituents.  Measurements  of  these  properties 
have  been  and  still  are  inpeded  by  a lack  of  suitable  instruments  and  the 
necessity  for  carrying  the  measuring  apparatus  through  the  altitude  region 
of  interest. 

(l)  Ground  Based  Observations 
Sound  Skipping 

This  method  had  its  inception  when  artillery  fire  in  World  War  I 
was  heard  in  certain  approximately  circular  zones,  often  large  distances  from 
the  guns,  whilst  closer  locations  were  silent.  The  refraction  of  the  sound 
could  be  explained  by  a high  tenperature  region  at  approximately  40-65  km. 

Grenades 

The  sound  technique  has  also  been  applied  from  30-100  km  by  micro- 
phone observation  of  the  sound  transmission  times  from  a sequence  of  grenade 
firings,  the  latter  being  ejected  from  a rocket  at  preselected  altitudes. 

The  method  gives  integrated  and  combined  tenperature  and  density  information 
along  the  sound  path  but  is  limited  in  altitude  to  regions  where  the  gas 
density  is  sufficiently  high  to  perturb  the  sound  waves. 

Balloons  and  Clouds 


From  very  early  times  the  movements  of  clouds  have  provided  infor- 
mation on  upper  atmospheric  motions . Noctilucent  clouds  have  been  tracked  at 
600  km/h  at  75-90  km.  A great  deal  of  information  on  atmospheric  winds  is 
obtained  by  tracking  free  balloons;  they  have  been  observed  with  velocities 
of  300  km/h.  Currently,  balloons  carry  a variety  of  instrumentation  but  the 
payloads  are  restricted  in  altitude  to  about  4o  km. 

Meteors 

The  commonly  observed  streaks  of  light  caused  by  the  tiny  pinhead 
size  particles  of  extra-terrestrial  matter  travelling  at  about  100  km/s  have 
been  extensively  studied.  The  ionization  and  dissociation  of  air  molecules 
during  the  passage  of  the  meteoroid  can  be  observed  from  about  130  km  to 
15  km  providing  information  on  atmospheric  conposition  and  tenperature.  More 
recently,  radar  reflection  from  these  tracks  has  enabled  winds  to  be  monitored 
in  the  80-105  km  region. 

Aerodynamic  Drag  Methods 

The  decay  of  satellite  orbits  due  to  aerodynamic  drag  has  been 
well  documented.  Typically,  they  provide  density  information  at  altitudes 
above  200  km.  The  radar  tracking  of  spheres  released  from  rockets  has  also 
been  enployed  to  examine  the  region  below  100  km.  The  latest  methods  use 
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sensitive  accelerometers  to  monitor  the  drag  on  a free  falling  inflated  sphere 
carrying  its  own  transmitter. 

Searchlights 


With  an  appropriately  located  searchlight  and  detector  it  is  possible 
to  use  Mie  and  Rayleigh  scattering  to  determine  the  local  density  along  the 
beam  of  the  searchlight. 

Auroral  Lights 

Intense  aurora,  adequate  for  observation,  is  confined  to  the  polar 
and  sub-polar  regions  and  the  altitude  range  from  60  km  to  400  km.  Many 
elements  (H,  Na,  He,  0,  N,  etc.)  have  been  identified  in  auroral  displays. 
Extensive  studies  of  auroral  spectra  have  enabled  vibrational  and  rotational 
tenperatures  to  be  calculated  from  ground  based  observations  of  the  molecular 
nitrogen  emission  spectrum. 

Seeding 


The  release  of  chemicals  at  high  altitudes  (above  90  km)  enables 
wind  speeds  to  be  obtained  from  optical  tracking  of  the  chemiluminescent 
radiation  caused  by  the  ejected  material.  Above  120  km  spectroscopic  examina- 
tion of  the  radiation  from  these  trails  can  also  give  tenperature  information. 
Chemiluminescent  materials  such  as  barium  and  trimethyl  aluminum  may  be  observed 
at  night  time;  others,  such  as  sodium,  require  excitation  from  the  sun  or  other 
sources  and  these  are  therefore  only  useful  at  twilight. 

(2)  Flight  Observations 

A variety  of  instruments  have  been  developed  to  enable  local  measure- 
ments of  pressure,  density,  temperature  and  conposition  to  be  made  from  rockets 
and  satellites.  There  is  no  single  instrument  to  this  date  which  permits 
accurate  measurements  to  be  made  of  the  aforementioned  parameters  from  ground 
level,  to  say  300  km.  The  range  below  about  90  km  is  fairly  well  served  by 
some  of  the  devices  mentioned  in  the  previous  section  but  the  90  to  250  km 
range  is  still  a problem  area. 

Thermistors 

The  small  (0.25  mm  diameter)  semiconductor  beads  currently  available 
are  ideal  for  synoptic  measurements;  they  are  inexpensive,  simple  and  consume 
little  power.  With  an  appropriate  reflective  coating  they  may  be  used  up  to 
50  km  providing  corrections  are  made  for  radiation,  thermal  conduction  and 
dynamic  heating  effects. 

Pressure  Gauges 

Pitot- static  probes  involve  the  reduction  of  data  from  a forward 
pointing  gauge.  Using  continuum  measurements  from  wind  tunnel  studies  and 
making  relevant  corrections  to  the  flight  data  extends  the  use  of  these 
devices  up  to  an  altitude  of  80  km. 

Above  90  km,  ionization  gauges  of  various  types  have  been  used  to 
derive  density  and  tenperature  information.  The  reduction  of  free  molecular 
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gauge  data  requires  a knowledge  of  the  rocket  attitude;  also,  outgassing  of 
the  gauge  itself  is  sometimes  a serious  factor. 


Mass  Spectrometers 

The  mass  spectrometer  is  a versatile  instrument  and  is  widely  used 
for  the  determination  of  atmospheric  conposition  for  altitudes  above  100  km. 
By  pumping  the  instrument  during  flight  the  operating  range  can  be  extended 
down  to  about  65  km.  Quadrupole,  magnetic  and  R.F.  versions  have  been  flown 
on  rockets  on  many  occasions  providing  data  with  good  height  resolution. 
Satellite-borne  mass  spectrometers  are  also  widely  used.  The  absorption  of 
atomic  oxygen  and  its  desorption  as  molecular  oxygen  has  restricted  the 
usefulness  of  the  mass  spectrometer;  however,  this  problem  is  now  well 
understood  and  great  care  is  taken  when  measuring  reactive  gases. 

Upper  atmosphere  measuring  techniques  and  their  range  of  applic- 
ability are  summarized  in  the  table  below. 


ATMOSPHERIC  DIAGNOSTIC  TECHNIQUES  AND  THEIR  RANGE  OF  APPLICABILITY 


Altitude 

(km) 

Density 

Conposition 

Temperature 

Winds 

0-50 

Searchlight 
Falling  spheres 

Meteors 

Thermistors* 

Clouds 

Balloons 

Chaff 

50-100 

Pressure  gauges 
Mass  spectrometer 
Falling  spheres 
Grenades 

Mass  spectrometer 
Meteors 
Absorption  in 
spectrum  of  Sun 
EBFP  t 

Grenades 
EBFP  + 

Grenades 

100-300 

EBFP  + 

Aerospec4 

Mass  spectrometer  EBFP  ^ 

EBFP  4 Aerospec4 

Aerospec4  Auroral  obser- 

Auroral  obser-  vation 

vation 

Chemical 

releases 

*Direct  and  local  measurement 

1EBFP:  'Electron  Beam  Fluorescence  Probe' 

4Aerospec:  'Aerodynamic  Spectrometer',  currently  being  developed  at  UTIAS 


APPENDIX  B:  RADIATION  DISTRIBUTION  IN  THE  N„  IN  SYSTEM  VIBRATIONAL  BANDS 


The  electron  beam  induced  N2  IN  system  has  been  studied  in  detail  by 
several  investigators.  With  the  use  of  Muntz's  analysis  (Ref.  7),  theoretical 
predictions  of  the  relative  intensities  of  the  rotational  lines  were  made  for 
the  N2  IN  system  vibrational  bands. 


The  following  assumptions  were  made: 

(a)  The  excitation  emission  process  is  not  affected  by  gas  kinetic  collisions 

(b)  The  vibrational  tenperature  is  low  (Tv  < 800  K)  and  there  is  no  excita- 
tion of  vibrational  levels  of  N2  X ^ other  than  v"  =0. 

(c)  The  rotational  distribution  in  the  NjjX^-E  vibrational  levels  is  assumed 
to  be  a Boltzmann  distribution. 


For  high  energy  electrons,  when  the  excitation  function  of  the  elec- 
tron can  be  assumed  to  be  constant  (independent  of  wave  number),  the  population 
rate  from  the  v^  = 0 level  of  the  N2  X ^ state  to  a rotational  level  K'  of 
a particular  v'  of  the  n£  B state  is: 


where  q(v',vV)  is  the  Franck-Condon  factor,  E the  excitation  function  of  the 
electrons,  N*  the  population  of  the  rotational  level  and  Pp(K)(,K')  and 
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Pp(K£,K')  are  the  relative  rotational  transition  probabilities  or  Honl-London 
factors  for  the  P and  R branches,  respectively,  in  the  excitation.  The 
expression  £[  ] is  a normalizing  factor. 


The  Franck-Condon  factors  of  interest  for  the  transition  N. 
' are  given  in  Ref.  7 as: 


If  one  is  interested  in  the  RELATIVE  RATE  of  populating  the  K 
levels  of  a particular  v'  then  0( K’ ) can  be  written  as: 


and  consequently 


Since  the  rotational  distribution  in  the  N2  X n vibrational  levels  is  assumed 
to  be  Boltzmannian,  characterized  by  the  rotational  tenperature  Tp,  the  relative 
population  of  the  levels  of  the  v!^  = 0 level  are: 


(Nv„=0)F(2K^+l)exp[-Bv„K^(K^+l)hc/KrR] 


where 


+l)exp[-Bv„K^(K’*l)hc/KTR] 


and  Bvi,  is  the  rotational  constant  of  the  v^  vibrational  level,  h is  Planck's 
constant,  k is  Boltzmann's  constant,  c is  the  speed  of  light,  and  F is  the 


V1 

v' 

q(v,v") 

0 

0 

0.90 

0 

1 

0.09(5) 

0 

2 

0.00(1) 

population  factor  for  the  N2  X state  resulting  from  nuclear  spin.  F = 0.5 
for  K£  - odd  and  F = 1.0  for  K£  = even.  If  the  population  of  the  v^  = 0 
vibrational  level  of  the  N2  X state  (Ny,_0)  is  assumed  to  be  unity,  then 


I 

K^-0,1,2, . . 


(B.6) 


The  transition  probabilities  Pp  and  PR  for  excitation  are  given  by: 


P branch  (K^  = K'  + l):  P (k£,K')  = (K*  + l)/(2K'  + 3) 


(B.7) 


branch  (K^  = K'  - l):  PR(K^,K’ ) = K'/(2K’  - l) 


(B.8) 


Then, 


Pp(K^,K’)N^ 


Pr(K^,K')N^,_i  = 


F(K'  +l)exp[ -B  m(K'  +1) (K*  +2 ) hc/kT  ] 

= \ 

[Qr(Tr)]v^=0 

F K’  exp[-B  ,,  K'  ( K'  -l)hc/kT  ] 

\ 

[Q,r(tr)]v^=o 


With  the  use  of  Eqs.  B.9  and  B.10,  Eq.  B.2  becomes: 


(B.9) 


(B.10) 


0(K')  = 


F(K'  +l)exp[  -B  ,,(K'  +l)  (K1  +2)hc/kT  ] +F  K'  exp[-B  ,,K'  (K'  -l)hc/kT  ] 


tW’v;'=0  x{  I t(H^.+i)Pp(iq.K’)  + 

1 K' =0,1,2, . . 


(B.ll) 


The  relative  intensities  of  the  rotational  line  emissions  (K* ,K2) 
occurring  in  a particular  vibrational  band  corresponding  to  the  vibrational 
levels  v'  and  v2  of  the  n£  B and  X ^ states,  respectively,  can  be 
expressed  as: 


- <fi(K'')<l(v'  >V2)P(K'  >tyhc  vK',k^ 

^[q(v',vpp(K',K^)hc  ] 

IC=  K'+l 
K'-l 


(B.12) 
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where  q(v' jvJJ)  is  the  Franck-Condon  factor  for  the  emission  transition, 
P(K' ,1^)  represents  the  rotational  transition  probability  of  the  (K* ,]&>) 
rotational  line  and  v^t  is  the  wave  number  of  the  emission.  For  a 
particular  vibrational  &and  of  interest  q(v' ,vJ>)  is  a constant  and  thus 
Eq.  B.12  can  be  rewritten  as: 


0(K')P(K',K^)  v£ 

Ik')K2  =V  k 

^ \ T r>/  tr|  Tfl  1 \ ' 


(B.13) 


L™*’1®  vK,  -] 

V*  4.1 


K'<=  K'+1 

*2  K'-l 


For  the  P and  R branches  the  emission  transitions,  assuming  that  the  doublet 
states  are  not  resolved,  Pp(K' ,Kg)  and  Pp(K' jK^)  are: 


P branch  (Kjj  = K'  + l):  Pp(K’ ,K£)  = (K'  + l)/(2K'  + l)  (B.l4) 

R branch  (iCJ  = K'  - l):  Pr(K’,K£)  = K’/(2K'  + l)  (B.15) 

Thus,  the  intensities  in  the  P and  R branches  are: 

P 0(K')(K'  + 1) 

it, n r~  (B.l6) 

[ (K'  + 1)  + K*  vj] 

0(K')  K'  vj 

ij,  = T~ Tr  (B.17) 

[ (K'  + 1)  + K'  v£] 

The  total  intensity  of  all  the  rotational  lines  (P  and  R branches)  in  a 
particular  vibrational  band  is: 


+ I£')  “I  *(*•)  - 1 

K'=0,l,2, . . K'=0,l,2, . . 


(B.18) 


The  wave  numbers  Vp  and  Vp  for  the  P and  R branches  of  the  Np  IN 
(0,1)  and  (l,2)  vibrational  bands  are  given  by  Herzberg  (Ref.  17)  as: 

(0,1)  band:  vP  = 23,397-64  + 3-975(-K’-l)  + 0.17l(K'+l)2 
v = 23,397-64  + 3-975(K' ) + 0.171  (K’)2 
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*0* 


fig.  e-fl 


RELATIVE  INTENSITIES  IN  THE  ROTATIONAL  LINES  OF  THE  N2PLUS  1N<0.1>  AND  (l.2>  VIBRATIONAL  BANOS 
(ROTATICNAL  TEMPERATURE  = 800  K) 
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APPENDIX  C:  SOURCES  OF  ERRORS  FOREBFP  DENSITY  ADD  TEMPERATURE  MEASUREMENTS 


A variety  of  factors  are  involved,  which  determine  the  precision  and 
accuracy  of  the  measurements  made  using  the  EBFP;  not  all  of  these  can  be 
quantified  but  an  attempt  has  been  made  to  give  numerical  assessments  where 
possible . 

(l)  Electron  Beam  Accelerating  Voltage 

The  excitation  cross  section  varies  approximately  as  Ee'1'  l n Ee, 
where  Ee,  the  beam  accelerating  voltage  is  above  a few  hundred  eV.  The 
relative  change  in  the  optical  radiation  intensity  is  therefore  nearly 
proportional  to  dEe/Ee.  Thus  to  a first  approximation,  changes  in  the 
accelerating  potential  will  directly  affect  the  measured  density. 


The'worst  case'  line  and  load  regulation  conditions  for  the  DC*DC 
converter  result  in  ± 2.5$  variations  in  the  final  beam  voltage.  In  flight, 
it  is  estimated  that  the  voltage  fluctuations  do  not  exceed  ± 1.5$. 

(2)  Beam  Current 

This  parameter  should  ideally  be  measured  at  the  probe  region; 
this  is  feasible  if  intermittent  measurements  are  made  using  a flag  at  that 
position.  If  the  beam  current  is  monitored  at  the  gun  exit  and  back  stop 
locations,  then  for  altitudes  above  about  100  km  the  current  at  these  stations 
will  differ  by  less  than  2$.  At  lower  altitudes  it  becomes  increasingly  diffi- 
cult to  specify  the  actual  current  passing  through  the  observation  region, 
especially  in  situations  where  local  density  enhancements  exist  due  to  shock 
conditions . 

(3)  Gas  Density  Measurements 

Curves  similar  to  those  in  Fig.  38  are  obtained  using  the  static 
gas  calibration  procedure.  The  ordinate  values  on  these  curves  require  to 
be  merely  precise  and  repeatable  for  valid  interpretation  of  the  density  in 
the  probe  region.  It  has  been  observed  during  calibrations  that  the  accumula- 
tive effect  of  all  error  sources  reduces  the  repeatability  for  an  EBFP  reading 
at  a particular  gas  pressure  to  about  ± 10$.  Repeated  measurement  and  data 
smoothing  reduce  the  uncertainty  in  the  final  calibration  curve  to  about  ± 5$. 

The  accurate  measurement  of  the  gas  pressure  in  the  probe  region 
during  calibration  depends  on  the  following  factors . 

(a)  Pressure  Sensing  Devices 

The  accuracy  of  the  pressure  measurement  depends  on  the  accuracy  of 
the  pressure  sensing  gauge  and  a knowledge  of  pressure  gradients,  if  they 
exist,  within  the  calibration  chamber.  An  effort  is  made  during  calibrations 
to  minimize  the  latter  effect. 

An  MKS  Baratron  capacitance  manometer  was  used  for  the  pressure  range 
above  1 mtorr.  This  instrument  has  a quoted  accuracy  of  ± 1$  at  1 mtorr  and 
has  been  found  to  have  a few  percent  accuracy  at  0.1  mtorr.  A Balsers  IMR3 
triode  type  ionization  gauge  was  calibrated  against  the  Baratron  for  the  pressure 
range  10" 5 to  10_2  torr  for  N2,  He,  A,  O2,  CO2  and  air  and  the  best  fitting  linear 
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curves  were  then  extrapolated  extending  the  IMR3  calibration  so  lower  pressures. 
The  IMR3  has  a repeatability  of  ± 1 % over  the  range  10-2  to  10“ ® torr.  Intro- 
duction of  the  test  gas  was  made  via  a controlled  leak  valve  situated  directly 
over  the  diffusion  pump  cold  trap  in  the  case  of  the  170  !>/ s pump  and  approxi- 
mately 2 metres  from  the  EBFP  using  the  10,000  i/s  pump  (punping  was  continuous 
during  all  phases  of  the  calibration).  The  pressure  gauges  were  positioned 
approximately  15  cm  from  the  EBFP  probe  region;  the  IMR3  gauge  wras  not  operated 
during  the  EBFP  measurements  in  order  to  avoid  light  leakages  from  the  gauge 
into  the  EBFP  optics. 

(b)  Gas  Purity  in  the  Probe  Region 

Research  grade  gases  were  enployed  for  all  calibration  tests  and 
EBFP  measurements  were  recorded  only  when  the  static  gas  pressure  exceeded  10 
times  the  base  pressure  (obtained  with  the  instrument  in  the  vacuum  chamber). 
Perhaps  the  biggest  source  of  gas  contamination  present  during  calibration  at 
low  pressures  originated  from  the  electron  gun  and  magnetic  lens  assembly. 
Evidence  that  contamination  existed  is  indicated  by  the  linearity  change  with 
punping  speed  shown  in  Fig.  38. 

A transient  pumping  test  simulating  the  rocket  flight  pressure  pro- 
file would  permit  a direct  comparison  to  be  made  between  the  calibrations 
obtained  using  the  procedures  outlined  in  Sec.  5 and  the  density  monitored  by 
the  EBFP  during  rapid  pumpdown.  Unfortunately,  pumping  facilities  for  this 
test  are  not  readily  available. 

4 . Rotational  and  Vibrational  Temperature  Measurements 
(a)  Gas  Temperature  During  Calibration 

The  temperature  of  the  test  gas  was  in  all  cases  assumed  to  be  that 
of  the  vacuum  vessel,  the  temperature  of  the  latter  was  monitored  to  ± 2 K. 
Actual  operating  times  for  the  EBFP  were  short  during  the  static  gas  calibra- 
tions, providing  ample  time  for  the  apparatus  to  reach  thermal  equilibrium  with 
the  vacuum  chamber. 


Spectral  Response  Functions  Determined  b\ 


)tical  Calibrations 


It  has  been  pointed  out  in  Sec.  4.3  that  the  static  gas  calibration 
procedure  cannot  be  applied  in  calibrating  the  EBFP  for  reactive  gases  such 
as  atomic  oxygen.  Similar  restraints  apply  when  ascertaining  the  sensitivity 
of  EBFP  channels  assigned  for  rotational  and  vibrational  temperature  measurements. 
If  the  optical  procedure  described  in  Sec.  4.3  is  carried  out  then  an  error  of 
approximately  ± 5 % is  involved  in  the  determination  of  an  individual  spectral 
response  function  and  this  increases  to  ± 10%  when  a ratio  is  taken  between  the 
signals  from  two  channels . 


Interference  Filters 


The  biggest  single  source  of  error  associated  with  temperature 
measurements  made  with  the  EBFP  can  be  attributed  to  the  interference  filters. 
Stable  mounting  procedures  prevent  accidental  tilt  of  the  filters  during 
launch,  eliminating  wavelength  shifts  due  to  mechanical  movement.  The  optical 
calibration  procedure  employed  permits  the  relative  spectral  sensitivity  of 
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an  EBFP  channel  to  be  specified  to  - 2%  for  values  down  to  1$  of  the  neak 
sensitivity.  The  accumulated  wavelength  error  is  estimated  at  ± 0.1  A.  The 
filter  transmission  is  also  a function  of  temperature,  the  peak  wavelength 
shift,  depending  somewhat  on  the  filter  construction,  being  typically  0.1  X/k 
for  narrow  band  filters.  The  effect  of  filter  wavelength  shifts  on  the  inten- 
sity ratio  Vs  temperature  curve  has  been  examined  numerically  and  some  results 
are  presented  in  Fig.  C-l.  For  a wavelength  shift  of  ± 0.2  A (typical  payload 
temperature  variation)  the  error  in  temperature  introduced  in  the  EBFP-RTA 
calibration  curve  (for  Cl  = 1.1  sr)  varies  from  ± 5 K at  250  K to  ± 15  K at 


(d)  Reflected  Molecules 


This  effect  has  been  discussed  in  Sec.  2.3  for  the  case  of  rota- 
tional temperature  measurements.  Typically,  the  light  contribution  from 
reflected  molecules  affects  the  theoretically  predicted  calibration  curve 
as  shown  in  Fig.  6.  The  extent  of  this  effect  on  the  intensity  ratio  in  the 
two  channels  varies  from  no  effect  at  300  K,  to  -10$  at  800  K ambient  tempera- 
ture. The  errors  introduced  in  the  intensity  ratio  due  to  the  uncertainties 
in  the  solid  angle  Cl,  the  speed  ratio  S and  the  angle  of  attack  a are  seen 
in  Fig.  6. 


5.  Photometric  Linearity  and  Sensitivit; 


Nonlinearities  in  the  photometer  system  are  taken  into  account 
using  the  static  gas  calibration  procedure.  The  compensation  of  any  subse- 
quent change  in  the  sensitivity  of  the  optical  system  is  made  using  the 
calibration  lamp.  A discussion  on  the  accuracy  and  temperature  dependence 
of  the  photomultiplier  amplifier  and  logging  unit  is  contained  in  Appendix  D 
of  this  report. 


Summary  on  Errors 


From  the  foregoing  discussion  it  may  be  concluded  that  a reduced 
flight  record  could  be  assigned  the  following  errors: 


Concentration  Measurement  Errors  with  EBFP (at  ~ 90  km  Altitude 


Beam  Voltage  (in  flight)  ± 

Beam  Current  (in  flight)  ± 

Sensitivity  Corrections  (in  flight)  ± 
Calibration  Pressure 
Calibration  Accuracy  (smoothed) 

Temperature  Measurement  Errors  with  EBFP-RTA  (at 


110  km  Altitude 


Sensitivity  Corrections  (in  flight)  ± 
Interference  Filter  Changes  ± 

Reflected  Molecules  (refer  to 
l+(d)  above) 

Spectral  Response  Functions  Ratio 
from  Optical  Calibration  ± 


*For  atomic  oxygen  an  additional  error  bar  of  about  +251 
as  described  in  Ref.  5. 


The  above  table  will  apply  for  EBFP  systems  that  employ  facilities  for  simul- 
taneously monitoring  the  optical  emissions  required  for  the  filter  ratios. 
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Many  of  the  errors  described  can  be  reduced  using  better  regulation 
on  power  supplies,  inproved  monitoring  circuits  and  temperature  control  for 
the  interference  filters;  the  uncertainties  that  remain  are  then  those  affecting 
almost  all  upper  atmospheric  instruments. 
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FIG.  C-l  EFFECTS  OF  INTERFERENCE  FILTER  WAVELENGTH  SHIFT  ON  EBFP-RTA  CALIBRATION 


APPENDIX  D:  ELECTRONIC  SUBSYSTEMS  FOR  THE  EBFP 
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Various  electronic  subsystems  are  involved  when  the  EBFP  is 
integrated  into  a rocket  payload;  not  all  of  these  are  germane  to  this  report 
and  the  descriptions  that  follow  apply  to  those  electronic  devices  required 
specifically  for  operation  of  the  EBFP.  System  schematics  for  the  continuous 
and  modulated  EBFP  versions  shown  in  Figs.  D-l  and  D-2,  respectively,  indicate 
the  operational  functions  of  the  various  electronic  control  elements.  The 
first  four  items  in  the  following  descriptions  are  common  to  both  configura- 
tions . 


1.  Electron  Gun  Cathode  Emission  Regulator 


The  electron  beam  current  is  accurately  monitored  at  the  stations 
shown  in  Figs.  D-l  and  D-2  thus  obviating  the  need  for  any  accurate  emission 
control  on  the  electron  gun.  Indeed,  because  of  the  large  variations  of  the 
collected  beam  current  due  to  electron  scattering  shown  in  Fig.  3 it  is 
impractical  to  keep  the  emission  constant  by  feedback  from  the  beam  current 
monitors.  The  controller  described  here  maintains  the  high  voltage  current 
supplied  to  the  electron  gun  at  a fairly  constant  level,  thus  reducing 
emission  current  variations  due  to  fluctuations  in  the  cathode  filament 
battery  voltage  and  aging  effects  in  the  filament  itself. 

The  emission  regulator  circuit  is  shown  in  Fig.  D-3;  all  elements 
inside  the  dashed  line  are  biased  at  -2500V  and  must  be  protected  for  high 
voltage  breakdown  under  vacuum  conditions  as  described  in  Sec.  3-2.  Because 
the  regulator  and  the  filament  battery  float  at  -2500V  activation  of  the 
circuit  is  performed  through  an  optical  isolator.  Light  produced  by  28  volt 
lamps  Al,  A2,  falling  on  the  photocell  PCI  decreases  its  resistance  to  50 
ohms  causing  the  transistor  Q1  to  activate  relay  Kl.  Diodes  D2,  D3  and  d4 
are  now  forward  biased  through  R4  by  the  regulator  battery  to  produce  a 
reference  of  2.7  volts.  This  reference  voltage  provides  base  drive  to  Q2 
through  R5,  R6,  D5  and  D6,  turning  on  the  output  Darlington  03,  q4  and 
supplying  heating  current  to  the  filament. 

Regulation  is  accomplished  by  feeding  the  emission  current  through 
reference  resistor  R5.  This  voltage  drop  which  subtracts  from  the  reference 
voltage  controls  the  base  drive  to  Q2.  Besides  serving  as  a reference,  diodes 
D2,  D3  and  d4  in  conjunction  with  D5}  D6  and  D7  protect  the  regulator  tran- 
sistors in  the  event  of  gun  arcing  at  high  pressures.  During  an  arc,  the 
resistance  between  the  filament  and  the  gun  anode  decreases  to  an  extremely 
low  value.  The  regulator  now  no  longer  floats  but  sees  2500  volts  from  the 
junction  of  R5  and  R6  to  ground.  Under  these  conditions  diodes  D2  through 
D6  assume  the  reverse  blocking  mode  forcing  the  H.T.  converter  energy  to  be 
dissipated  in  R4  and  R5.  Any  spikes  appearing  at  the  base  of  Q2  due  to  the 
capacity  of  D5  and  D6  are  limited  by  D7  to  protect  the  base  emitter  junction 
of  Q2.  Q5  and  R7  limit  the  regulator  output  current  to  12  amps  as  a filament 
protection  measure. 


monitor. 
3 volts . 
cell  PC2 
monitor . 


Photo  cell  PC2  and  a 6- volt  lamp  A3  constitute  a filament  power 
Under  normal  operating  conditions  the  filament  drops  approximately 
Lamp  A3  which  is  in  parallel  with  the  filament  illuminates  photo 
and  the  resistance  of  the  latter  serves  as  a filament  current 
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2.  Photomultiplier  H.T.  Supply 

The  EMI  9781  photomultiplier  tubes  have  typical  gains  of  107  and. 

101*  with  applied  voltages  of  900V  and  350V,  respectively.  In  the  high  gain 
configuration  it  can  be  seen  from  Fig.  21  that  the  anode  current  for  the  II 2 
4270A  channel  may  vary  from  10-1+  to  10“ over  the  altitude  range  from  75 
to  250  km. 

A dynode  current  of  1 mA  at  900V  has  been  selected  to  minimize 
heating  of  the  tube;  this  current  is  inadequate  to  permit  linear  operation 
of  the  tube  over  the  maximum  dynamic  range  of  photocurrents  encountered 
during  a rocket  flight.  Linear  photocurrent  operation  is  maintained  by 
automatic  range  switching  of  the  photomultiplier  H.T.  voltage  from  900V  to 
350V  if  the  anode  current  exceeds  10“7a. 

The  photomultiplier  H.T.  supply  consists  of  a Venus  DC-DC  converter 

model  KL5,  powered  by  a precision  regulator.  The  DC  transformation  gain  of 

the  K15  is  approximately  40  db  thus  the  precision  regulator  formed  by  Al, 

Q1  and  the  associated  components  shown  in  Fig.  D-4  must  provide  9 volts  to 

the  K15  input.  The  L.C.  filter  formed  by  the  150  pH  inductor  and  the  4.7  pF 

capacitor  reduce  switching  spikes  on  the  input  power  lines  to  less  than  20  mA. 

Output  ripple  is  less  than  0.1$  and  the  output  voltage  changes  1.2 % from  0°C 

to  50°C.  Line  regulation  is  0.1%  for  an  input  voltage  change  from  24  to  30 

volts.  Range  switching  of  the  output  voltage  is  achieved  by  using  the  rango — 

signal  line;  when  operating  at  a fixed  900V  level  the  range  signal  line  is 

connected  to  V.  . 

xn 

3 . Focus  Coil  and  Calibration  Lamp  Regulators 

The  focus  coil  and  calibration  lamp  regulators  are  current  sources 
differing  only  in  output  and  precision.  It  is  evident  from  Eq,  3.4  that  the 
effective  focal  length  of  the  magnetic  lens  is  not  strongly  dependent  on  the 
focus  coil  current,  and  a few  percent  current  stability  is  adequate.  The 
calibration  lamp  regulation  is  far  more  critical,  0.1$  regulation  is  required 
at  a lamp  current  of  170  mA  to  achieve  1%  stability  in  the  photomultiplier 
output . 

Figure  D-5  shows  the  circuit  common  to  both  regulators.  Prereg- 
ulator Q1  provides  a constant  current  to  the  base  of  the  output  Darlington 
Q2,  03  and  the  collector  of  the  reference  amplifier  Q4.  The  resulting 
voltage  drop  of  the  output  current  IQ3  across  R1  is  compared  to  the  reference 
voltage  of  Q4  which  provides  the  feedback  to  the  preregulator  Ql.  The  reg- 
ulated output  current  is  given  by  [vrefQ4/Rl];  Vref  is  nominally  6.8  volts. 

For  the  calibration  lamp  regulator,  R1  is  a precision  wire-wound 
40fi  resistor  with  a temperature  coefficient  of  30  ppm/°C.  A wire-wound 
resistor  with  standard  temperature  specifications  is  used  for  the  focus 
coil  regulator. 

The  output  current  of  the  calibration  lamp  regulator  varies  0.3$ 
from  0°  to  50° C,  an  acceptable  value  since  the  payload  temperature  is 
maintained  to  ± 5°C  within  this  range. 
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Because  of  the  large  dynamic  range  of  photomultiplier  currents 
(10“4  to  10-HA)  encountered  in  a typical  rocket  flight,  some  form  of  signal 
conpression  is  required  to  enable  data  transmission  to  take  place  with 
minimum  loss  of  accuracy.  Range  switching  of  the  linear  form  of  the  input 
signal  or  direct  logging  of  the  signal  are  useful  methods  for  data  conpression, 
although  only  the  latter  has  been  applied  to  the  EBFP. 

Tenperature  compensated  logarithmic  transducers  are  available 
from  commercial  sources  which  provide  logged  (base  10)  outputs  to  1%  accuracy 
for  input  currents  ranging  from  1 mA  to  1 nA.  These  devices  in  the  trans- 
diode mode  retain  their  true  logarithmic  characteristics  down  to  input  levels 
of  10-12 a and  thermostatic  control  of  the  logging  element  has  been  used  in 
some  versions  of  the  EBFP  to  ensure  repeatability  at  low  current  levels. 

The  basic  transdiode  log  circuit  is  shown  in  Fig.  D-6a.  The  output  voltage 
is  the  emitter  base  voltage  Veb  of  Ql.  At  27*  C this  output  is  represented 
by 

I. 

V « 0.06  log.  * — |2- 

out  |_  *10  a iEg  _ 

where  Igg  is  the  emitter  saturation  current  for  the  common  base  mode  and  0.06 
is  the  log  scaler  of  60  mV  per  decade.  The  term  IES  for  selected  transistors 
is  typically  10"13a.  The  voltage  current  relationship  for  the  base  emitter 
junction  of  Q1  is  logarithmic  from  10" 1^  to  10“ 3a  and  since  the  collector 
current  Ic  = a Ig  in  the  common  base  mode,  the  input  current  Ipn  is  essentially 
equal  to  the  emitter  base  current  of  Ql.  Resistor  Rg  is  necessary  to  avoid 
loading  of  anplifier  Ap  at  high  input  currents. 

The  transistor  Qp  acts  as  a variable  feedback  resistor  with  a 
resistance  related  to  the  input  current  Ipn  by  the  expression 


and  the  time  constant  t for  the  logging  circuit  is  then  given  by 


Thus  with  an  input  current  of  10" 9 A and  a value  of  10  pF  for  the  feedback 
capacitor  Cp  (about  the  smallest  practicable  value  permissible  for  anplifier 
stability) , tne  maximum  operating  frequency  is  approximately  l/(27rr)  or 
635  Hz. 

There  are  two  different  tenperature  effects  for  the  log  circuit 
of  Fig.  D-6a.  The  first  is  the  term  Igg,  which  doubles  every  10°C  and  the 
second  is  the  log  scaler,  60  mV/decade  at  27°C,  which  changes  linearly  with 
tenperature  at  .3$/°C.  A very  sinple  and  effective  method  of  reducing  these 
errors  is  to  place  the  log  transistor  Q1  in  an  oven  at  an  arbitrary  tenpera- 
ture above  ambient.  The  thermostat  should  have  a low  hysteresis  to  ensure 
as  near  a constant  tenperature  as  possible.  The  disadvantages  of  this  system 
is  the  time  required  to  reach  operational  tenperature  and  the  bulk  introduced 
by  the  heater. 


Another  method  of  removing  the  temperature  dependent  terms  is  to 
employ  the  condensation  technique  illustrated  in  Fig.  D-6b.  Here  the  error 
term  Igg  is  reduced  to  a fixed  offset  by  the  generation  of  a log  ratio 
between  I^n  and  a reference  current  Iref.  A close  match  of  Q1  and  Q2  is 
required  for  this  technique.  The  log  scaler  error  of  .3$/°C  is  removed  by 
voltage  divider  RTC-RG  whose  temperature  coefficient  is  equal  and  opposite 
to  that  of  the  log  scaler.  The  matched  transistors  Q1  and  Q2  together  with 
the  voltage  divider  RTC-RG  are  available  in  packaged  log  modules. 

Caution  must  be  exercised  in  interpreting  the  logged  outputs  of 
rapidly  decreasing  signals  at  low  current  levels  since  the  slewing  rate  is 
always  determined  by  the  circuit  bandwidth  at  the  final  current  level. 

The  unfiltered  statistical  current  fluctuations  associated  with  low  photon 
count  rates  (1Ch/s  corresponds  to  about  10 “9 A anode  signal)  for  the  EBFP 
have  frequency  components  greater  than  the  signal  bandwidth  of  a logging 
amplifier  operating  at  that  current  level.  Thus  at  low  current  levels  the 
output  signals  from  the  log  amplifier  will,  in  general,  be  too  high  unless 
the  photomultiplier  output  is  prefiltered  to  reduce  the  frequency  require- 
ments of  the  logging  unit. 

Maximum  frequency  response  for  the  logging  amplifier  is  usually 
retained  for  rocket  flights  and  statistical  variations  will  be  present  in 
the  telemetry  record  at  the  low  current  levels.  It  should  be  noted  that 
arithmetic  averaging  of  a logged  signal  produces  the  geometric  mean  of  the 
true  input  signal;  if  uncorrected  this  introduces  an  error  of  5-3 

. Signal  Handling  for  the  DC  Beam  EBFP 


The  purpose  of  the  EBFP  signal  handling  electronics  is  to  present 
the  photomultiplier  current  of  10“5  to  10“ -^A  on  a 0 to  +5  volt  scale.  The 
circuit  shown  in  Fig.  D-7  consists  of  two  operational  amplifiers  and  a 
Philbrick  log  module  connected  as  a standard  log  ratio  circuit,  followed  by 
a unity  gain  inverter.  The  reference  current  into  amplifier  A2  is  adjusted 
by  the  200 D potentiometer  to  equal  the  maximum  current  to  be  measured,  i.e., 
10"5a.  The  log  module  scaling  factor  is  1 volt  per  decade,  so  the  circuit 
output  voltage  varies  from  0 volts  to  10“  ^A  to  +5  volts  at  10"^A. 

To  ensure  adequate  time  response  at  the  lowest  current  of  interest, 
i.e.,  lO"1^..,  the  feedback  capacitance  on  amplifier  A1  was  reduced  to  10  pF. 
The  log  element  resistance  at  10"^A  is  l/(40l)  = 250  x 10°fl;  assuming  7 time 
constants  for  1$  accuracy,  the  time  required  to  slew  down  to  KT^A  is 
approximately  17.5  ms. 

Temperature  performance  of  the  circuit  is  illustrated  in  Fig.  D-8. 
The  bias  current  of  amplifier  A1  is  the  primary  source  of  error  at  low 
currents.  The  bias  current  is  10-12A  at  25°C,  so  at  50°C  this  bias  current 
would  be  approximately  6 x 10“^A,  resulting  in  an  error  of  6$  when  the 
circuit  measures  an  input  current  of  10_1®A. 

6.  Filter  Disc  Drive  Circuit  for  DC  Beam  EBFP 


The  filter  disc  drive  circuit  shown  in  Fig.  D-9  provides  power 
to  the  motor  which  turns  the  filter  selection  disc  shown  in  Fig.  D-l.  The 
circuit  is  a conventional  adjustable  regulator  using  an  operational  amplifier 


A1  as  the  error  amplifier.  Filter  Network  L^_  Cq  reduces  the  motor  spikes 
to  < 20  mA  on  the  28  volt  power  line.  The  available  current  from  the  regulator 
is  limited  at  1.2A  by  transistor  Ql,  and  potentiometer  R1  provides  for  adjust- 
ment of  the  motor  speed. 

7.  DC  Beam  Current  Monitor 

Electrons  striking  the  backstop  shown  in  Fig.  D-l  are  returned 
to  the  rocket  ground  potential  via  a 500ft  resistor  as  indicated  in  Fig.  D-10. 
The  voltage  drop  across  this  resistor  is  then  monitored  by  the  inverting 
amplifier  Al.  The  output  is  scaled  to  give  0.5V  per  mA  of  beam  current  and 
is  limited  to  -0.6V  and  +5.6V  for  telemetry  purposes. 

8.  Electron  Beam  Modulating  System 

The  electron  beam  in  the  AC  Beam  version  of  the  EBFP,  Fig.  D-2, 
is  modulated  to  provide  synchronous  detection  capabilities  for  the  optical 
signals  and  to  enable  current  measurements  on  the  beam  to  be  made  before 
the  electrons  reach  the  observation  region.  Two  magnetic  deflection  coils 
(Fig.  D-2)  are  driven  in  parallel  with  a 250  Hz  square  wave  with  a total  cur- 
rent of  0.6A;  ferrite  cores  are  used  resulting  in  a flux  density  of  ~ 10“2 
webers/m?  at  the  cathode.  The  modulated  beam  has  a current  rise  time  of 
~ 250  (us  and  a fall  time  of  ~ 50  ps  at  pressures  up  to  1 equiv.  mtorr  in  air. 

The  details  of  the  coil  switching  circuit  are  given  in  Fig.  D-ll. 

The  operational  amplifier  Al  connected  as  an  astable  multi-vibrator  provides 
a voltage  square  wave  at  a frequency  of  250  Hz.  The  current  source  A is 
gated  on  during  negative  excursions  of  the  voltage  square  wave,  providing 
current  to  the  deflection  coils,  current  source  B being  gated  on  during 
positive  excursions  of  the  voltage  square  wave,  or  l80°  out  of  phase  with 
respect  to  current  source  A.  This  reduces  the  transients  on  the  current 
source  power  line  to  a time  period  equal  to  the  sum  of  the  rise  and  fall 
times  of  the  two  current  sources,  resulting  in  a smaller  line  filter  L1C2, 
while  maintaining  power  line  ripple  at  less  than  20  mA.  Power  is  supplied 
to  the  current  sources  by  a gate  signal  which  turns  on  Ql,  Q2  via  Q3. 

9.  Current  Monitors  for  the  Modulated  Electron  Beam 


The  beam  current  in  the  modulated  electron  beam  system  is  moni- 
tored at  the  two  locations  indicated  in  Fig.  D-2.  A voltage  proportional 
to  the  backstop  current  is  transmitted  through  the  telemetry  system  using  a 
bandwidth  adequate  to  follow  the  250  Hz  signal.  An  amplifying  circuit  similar 
to  that  used  for  the  DC  beam  and  shown  in  Fig.  D-10  is  employed  for  this 
purpose. 

The  electron  beam  current  is  also  monitored  after  leaving  the  gun, 
as  indicated  in  Fig.  D-2.  For  this  measurement  the  electron  beam  serves  as 
the  primary  of  a transformer  which  has  its  secondary  windings  on  a ferrite 
toroid  through  which  the  beam  passes  at  the  gun  exit  orifice.  The  ferrite 
toroid  winding  is  designated  L in  the  circuit  diagram,  Fig.  D-12,  and 
provides  an  output  voltage  of  ~ 400  qV  peak  to  peak  into  a 10ft  load  for  a 
peak  beam  current  of  10  mA.  Amplifiers  Al  and  A2  provide  80  dB  of  amplifi- 
cation to  the  coil  signal,  and  the  Ikft  resistor  and  0.1  qF  capacitor  at  the 
output  of  A2  constitute  a filter  to  reduce  amplifier  noise.  The  amplified 
signal  is  then  full  wave  rectified  and  filtered  by  the  precision  rectifier 
A3,  Ah. 
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10 . Signal  Processing  Techniques  for  the  Modulated  Electron  Beam  System 


Synchronous  detection  can  be  employed  to  reduce  the  effect  of 
spurious  light  signals  when  using  a modulated  electron  beam.  The  statis- 
tical limitations  present  when  using  this  method  have  been  discussed  in 
Sec.  4.4. 

The  circuit  diagrams  outlining  the  procedure  for  handling  the 
photomultiplier  anode  currents  are  shown  in  Figs.  D-13  and  D-l4.  In  Fig. 

D-13  the  input  signal  is  first  divided  into  its  AC  and  DC  components , the 
DC  signal  is  then  amplified  by  A^_  primarily  for  use  when  the  calibration 
lamp  is  in  operation.  The  DC  output  also  serves  to  provide  a measure  of 
the  background  illumination  level  under  normal  operating  conditions.  The 
output  from  the  AC  follower  A2  in  Fig.  D-13  is  used  for  the  synchronous 
detection  circuitry  shown  in  Fig.  D-l4.  For  explanation  purposes  this 
latter  circuit  has  been  separated  into  five  sections,  each  of  which  is 
described  below. 

(a)  Pre-filter 

The  pre-filter  formed  by  Aq  in  Fig.  D-l4  increases  the  rejection 
capabilities  of  the  synchronous  detector  by  attenuating  low  frequency 
variations  which  have  passed  through  the  AC  coupled  follower.  All  frequen- 
cies under  10  Hz  are  attenuated  40  db/decade  by  Al,  a multiple  feedback 
high  pass  filter;  A2  isolates  the  filter  from  the  synchronous  detector  and 
also  provides  a gain  of  two  to  the  signal. 

(b)  Sync.  Phase  Shift  Circuit 

The  sync,  phase  shift  circuit  ensures  that  the  sync,  signal  and 
the  modulated  signal  are  exactly  in  phase  at  the  detector  switches  Qq  and 
02*  The  sync,  signal,  derived  from  the  a stable  multi- vibrator  of  the  beam 
coil  deflection  circuit,  is  conditioned  to  ± 5 volts  by  limiter  A7.  Ampli- 
fier A8  delays  the  zero  crossings  of  the  square  wave  from  A7  by  increasing 
the  rise  and  fall  times.  The  output  of  A9,  a zero  crossing  detector,  if 
therefore  a square  wave  shifted  in  phase  with  respect  to  the  sync,  input. 

. . 

(c;  Synchronous  Detector 

The  synchronous  detector  provides  full  wave  rectification  for  the 
modulated  signal  which  is  in  phase  with  the  sync,  signal  from  amplifier  A9* 

A l80°  phase  shift  is  required  between  the  two  correctly  modulated  signals 
presented  to  the  mos/fet  switches  Q1  and  Q2  and  this  is  accomplished  using 
the  appropriate  outputs  on  A3  and  A4.  Switching  of  the  mos/fets  by  the  sync, 
network,  composed  of  AY,  A8  and  A9,  results  in  positive  rectification  of 
- correctly  phased  signals.  An  integrating  filter,  consisting  of  the  8.2  qF 

capacitor  and  the  lOkfi  resistor  which  precede  A5  and  A6,  is  employed  to 
average  the  out  of  phase  components  and  prevent  large  signal  excursions  at 
the  inputs  of  A5  and  A6. 

A measure  of  the  background  rejection  capabilities  at  the  output 
of  the  82  ms  integration  network  may  be  seen  by  referring  to  Fig.  D-15  which 
shows  the  attenuation  curve  for  a sine-wave  source.  The  curve  scales  with 
the  integrating  time  constant,  i.e.,  a ten  times  increase  of  the  integration 
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time  will  produce  a constant  20  db  increase  in  attenuation  over  the  complete 
frequency  range  except  in  the  immediate  vicinity  of  the  fundamental  and  odd 
harmonics . 


IL 


The  output  of  the  synchronous  detector  circuit  is  logged  at  1 
volt  per  decade  for  signal  compression  purposes  by  amplifies  A5  and  A6  of 
Fig.  D-l4  in  conjunction  with  a temperature  compensated  Teledyne  Fhilbrick 
log  module  4357-  Since  the  synchronous  detector  output  is  a voltage  varying 


from  1 mV  to ,10V  corresponding  to  photomultiplier  tube  anode  currents  of 
ICT^-O  to  io-°A,  improved  time  response  from  the  log  output  circuit  becomes 


practical.  This  is  accomplished  by  designing  for  a minimum  summing  point 
current  into  amplifier  A5  of  1 x 10“8a  referred  to  the  photomultiplier  tube 
anode  current  of  10_1Qa,  resulting  in  a time  constant  of  0.125  ms  (compared 
with  the  synchronous  detector  output  of  82  ms).  The  input  offset  voltage  of 
amplifier  A5  produces  an  error  of  2.5 $ at  50°C  at  a P.M.  tube  input  current 
of  io-ioa. 


The  dynamic  range  of  input  signals  which  can  be  handled  is  in- 
creased by  automatic  switching  of  the  photomultiplier  H.T.  voltage  as  described 
earlier  in  this  section;  this  provides  an  additional  gain  factor  of  103,  thus 
expanding  the  total  signal  handling  capability  to  cover  from  10"3  to  10-10a. 

The  log  output  which  is  used  as  the  range  switch  sensing  point  is  integrated 
by  amplifier  A10  in  Fig.  D-l4  to  ensure  that  no  switching  occurs  on  transients. 
Amplifier  All  is  connected  as  a Schmitt  trigger  with  reference  levels  of  1 
or  4.1  volts,  corresponding  to  10"7  and  10-10a,  respectively.  Amplifier  All 
changes  its  output  state  whenever  the  P.M.  modulated  signal  exceeds  1.1  x 10-7a 
or  decreases  below  9 x 10_H-A.  The  output  signal  from  the  level  detector 
controls  the  photomultiplier  H.T.  supply. 
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FIG.  D-l  D.C.  ELECTRON  BEAM  SYSTEM 
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FIG.  D-3  ELECTRON  GUN  CATHODE  EMISSION  REGULATOR 
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FIG.  D-4  RANGE-SWITCHED  PHOTOMULTIPLIER  H.T.  SirPPLY 
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FIG.  D-5  CURRENT  REGULATOR  FOR  CALIBRATION  FIG.  D-6  (a)  LOGARITHMIC  CIRCUIT 
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IffiFP  PHOTOCURRENTS 
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THEORETICAL  CALIBRATION  OF  EBFP-RTA  ON  AEF-II-118 
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FIG.  16  STRAY  LIGHT  REJECTION  AND  LIGHT  TRAPPING  PROCEDURES  FOR  EBFP 
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FIG.  21  EXPECTED  PHOTOMULTIPLIER 
SIGNALS  FOR  FIBRE  OPTIC 
SYSTEM 
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